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.ABSTRACT 
This report describes the development of a computer model for 
the design of a laser seeker optical system. A laser seeker 1s a 
device that detects pulsed laser energy. The computer model is con-
figured to design the seeker optics based on the following perfor-
mance criteria: Sensitivity to laser energy, which can be related 
to target acquisition range; optical field of view; and seeker 
optics cross section area. The design is defined by four variables 
and a set of fixed parrureters, and is configured usmg computer 
optimization with both a direct searCh and a random search being 
used. A superior design is selected from comparison of many sets 
of variables based on the value of an objective function made up 
of some or all of the perfonnance criteria listed above and addi-
tional penalty factors applied for design constraint violations. 
The computer model contains design blocks for the detector, 
the preamplifier, and the optical elements of the seeker. There 
is also a computer ray trace routine to evaluate optical perfonnance. 
The model was run with four different objective functions, and the 
resulting seeker designs were analyzed. A detail listing of the 
computer program is contained in Appendix B. 
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I . I:f\."TRODUCIION 
The invention of the laser has led to the development of the 
laser seeker, a device that detects laser energy. The la..ser and 
seeker are a system with properties suited to a number of appli-
cations, such as target detection, range finding, and control of a 
guided missile. 
The function of the laser in the system is to provide a high 
power, single-wavelength light pulse. If the laser is aimed at a 
target, the reflected light can be sensed, which is the function of 
the laser seeker. If the time between when the light pulse leaves 
the laser and when it is received by the seeker is measured, this 
time difference can be used for detennining target range. If the 
laser seeker contains more than one light detector, then the position 
of the target relative to the detector can be measured. If the 
laser is designed to emit a series of pulses, the target position 
infonnation provided by the laser seeker can be used to guide a 
rnrrssile to the target. 
One type of laser seeker that has been developed uses an optical 
configuration as depicted in Figure 1. The major components of the 
seeker include an optical filter, a primary lens, a mirror, a 
secondary lens, a quadrant detector, and preamplifier electronics. 
Laser light and background solar radiation are incident upon the 
op·~ical filter, which is constructed so as to maximize the trans- . 
• 
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nuss1on of the desired laser energy, while minimizing background 
solar radiation, improving the laser seeker sensitivity to target 
reflected energy. The light that is not attenuated by the optical 
filter is collected by the primary lens, which has its focus 
located at the plane of the detector. The ritirror reflects the 
collected light onto the secondazy lens. The secondary lens, which 
is needed to improve off-axis optical performance, focuses the light 
onto the detector surface, where the light pulse is converted into 
a current pulse. This current pulse is amplified and converted :into 
a voltage pulse by the preamplifier. The outputs of the preamplifier 
are used to compute target acquisition and position information. 
The seeker configuration depicted in Figure 1 represents one of 
the two basic design configurations. The configuration sho\ffi in 
Figure 39 represents the other configuration. The difference between 
the two configurations is in the prilTif..ry collecting element; the 
refractive concept of Figure 1 uses a primary lens, and the re-
flective concept of Figure 39. uses a primary mirror. The subject of 
this research 1s the refractive primary concept, although most of 
the work done is directly applicable to the reflective concept as 
explained in the section on areas for further study. 
Several parameters characterize the performance of a laser 
seeker. One parameter is target acquisition range, the distance 
from a target that the laser seeker can reliably detect the reflected 
laser energy. .Another parameter is field of .view, the angular cone 
that a target must be contained within so that the seeker can detect 
• 
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it. The final parameter is the cross-section area of the optical 
system; a smaller system is more desirable in terms of weight-and 
packaging requirements. Figure 2 schematically illustrates the 
three parameters. 
A laser seeker design is a good candidate for compute! optimi-
zation teclmiqres because of the collllter-productive and nonlinear 
relationships between these three desired parameters. To increase 
acquisition range, it is desirable to increase optical aperture. 
An aperture increase forces the diameter of the primary leP..s to 
increase, resulting in a larger and less desirable cross-section 
area. An increase in the detector diameter will result in a larger 
field of vie\'i, but only at the expense of a reduced acquisititm 
range, as the acquisition ran:~e is increased if the field of view 
and detector diameter are minimized. Increasing the field o£ vie\'/ 
allows a greater Chance fer target acquisition if the seeker is not 
directly look~g at the target. 
In the design of a practical laser seeker, many additional 
parameters must be considered, such as the ability of the optics to 
provide precise target location infonnation. The intent of this 
research is not to develop a detail laser seeker design program. 
Rather, it is hoped that successful results from optimization of the 
basic parameters will senre as a starting point for the detail 
design. Alternately, fWlctions and inprovements could be added 
to this program, as suggested in a later section, which could accotmt 
for more detail design parameters at the expense of lcnger con~u-
tation times. 
• 
I I'! OBJECTIVE 
The objective of this research is to develop a computer pro-
gram that can optimize a laser seeker design. The current technique 
employed in seeker design is to coordinate the efforts of specialists 
1n electrical, optical, and mechanical design. Each specialist tries 
to optimize his part of the design initially, then works with the 
other specialists to resolve design conflicts and integrate the three 
parts into a whole seeker. After the first integration phase, the 
specialists again try to optimize their areas, \vith a final design 
resulting after several optimization/integration cycles. This 
process is costly, time consuming, and does not necessarily lead to 
an optimal design since each specialist can consider only the seeker 
design aspects that relate to this speciality. It is hoped that 
this research can develop a technique for optimizing all seeker 
critical design variables pertinent to the three specialities, 
leaving the detail design parametrics to be worked out by the 
specialists. 
To accomplish this overall objective, this research must include 
the following tasks: 
1. Develop a mathematical model of the laser seeker. 
2. Select an optimization routine to evaluate the relative 
performance of different seeker designs. 
• 
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3. Choose seeker optimization variables, constraints, and 
objective functions. 
4. Marry the seeker model to the optimization routine, nm 
the program, and evaluate the seeker design results. 
• 
I II. GENERAL DESCRIPTION OF 1HE LASER SEEKER COMPUTER ~DDEL 
The optical model of the laser seeker used in computer optimi-
zation is depicted in Figure 3. The model is characterized by four 
independent variables and a set of fixed design parrureters. The def-
initions of these variables and parameters, and their values, are 
listed in Appendix A. The number of independent variables was kept 
to a minimum to reduce computation time during design optimization. 
The variables Rl, R2, T1, and DD represent. a good minimum set 
of independent variables. R1, R2, and TL completely specify the 
primacy lens design wh.en taken together with the lens refractive 
indices Ul.ENS and ULENSZ. In the design of a seeker, it is possible 
to vary Rl, R2, and TL continuously; the refractive indices are 
limited to a discrete nurrber of available optical materials. The 
superior optical material for a laser seeker could be selected by 
making additional computer program nms, varying the refractive 
index. 
In a seeker design, the detector diameter DD is varied to 
aChieve target acquisition range and field of view requirements. 
In confumation with the primary lens design, DD will complete the 
independent variable set needed to specify seeker perfonnance. The 
remaining design parameters included in Appendix A are set to prac-
tical fixed values; the model could be expanded to include some of 
• 
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them as variables as discussed 1n the section on areas for further 
study. 
Several of the fixed design parameters are missing from the 
list in Appendix A. These are the preamplifier perfonnance 
characteristics and the optical filter performance at off-axis 
incidence angles. These perfonnance characteristics are best handled 
in table arrays contained in the subroutines .AMPS and STRF in the 
computer program. A tabular look-up and interpolation for values 
applicable to a specific design case is employed in the program to 
handle these two areas; simple mathematical expressions were not 
easily derived for either of these characteristics. 
There are two major divisions of the computer program. One 
major division concentrates on the optimization of the seeker. 
Optimization is perfonned by minimizing an objective function, U, 
subject to design feasibility constraints gi, as shown in the fol-
lowing set of equations: 
~linimize U = f (Rl , R2 , TL, DD) 
Subject to g. ( R1 R2, TL, DD)Z 0, i = 1,2, ... ,n 
1 - ' 
Where n 1s the total number of design constraints 
U is the objective function used to design the laser seeker. 
The objective function combines the parameters of acquisition 
range, field of view, and cross-sectional area lTI a manner to favor 
the improvement of each. The specifics of the fonnulation of the 
objective function are discussed in a later section. 
8 
The design constratnts are selected to keep the design within 
practical limitations. One of the detail design rEtquirements is 
that the detector must be placed at the node point (principal plane) 
of the primary lens. When the detector is located at this point, 
the optical system has a useful property in that the target energy 
can be positioned on the center of the detector, even if the energy 
cones from an angle off the optical axis, by orienting the mirror 
so that it is perpendicular to the line of sight to the target. A 
constraint that relates to the mo1.D1ting of the detector is that this 
node point lie within the primary lens. This constraint dictates 
the allowable lens shaping, governing the relationships between 
Rl , R2 , and TL. 
For a given prirrazy lens diameter and detector diameter, both 
the field of view and cross-sectional area are improved by decreasing 
the focal length. The ratio of focal length to lens diameter is 
called the optical f-nurrber, FNO. A practical minimum limit on 
this f-nt.mber is the value 0, 8, which is a limit beyond which 
optical aberration correction is difficult. Therefore, one of the 
optimization constraints is that the f-nurr.ber must be greater than 
0.8. 
A minimum field of view of 5 degrees is also specified as a 
constraint for a practical system. A maximum diameter of 15 
centimeters is allowed by another constraint, so that undesirable 
large diarr¥2ter laser seekers will not be designed. Other const-
raints ensure that the optical design is feasible. 
• 
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The parameters for optirrdzation of acquisition range, field 
of view, and cross sectional area are characterized in the model by 
SENS, FOV, AND SIZE. Since the acquisition range is detennined by 
variables external to the laser seeker such as laser power, laser 
range to the target, target reflectance, and weather conditions, 
only those parameters peculiar to the seeker are considered. Ac-
quisition range may be directly computed from SENS, the sensitivity 
in nanowatts/cm2 , to laser energy incident upon the seeker. 
Sensitivity calculations are primarily carried out in subroutjnes 
PPDS and AMPS, with optical perfonnance specified by subroutine 
DLENS. 
Field of View, FOV, is defined as the off- axis angle in 
degrees at which 50 percent of the on-axis target energy reaches 
the detector. FOV is computed in subroutmes DLENS, ASKEW, STRF, 
and FAPER. DLENS generates the seeker optical schematic, which 
is ray traced at off axis angles in ASKEW. The effects of optical 
filter and ray trace transrrdssion losses are included in STRF 
and F .A.PER. 
The cross sectional area, SIZE, in square centimeters, is 
computed from the optical design fanned by subroutine DLENS. SIZE 
is described by the product of the primary lens dia.Jreter, DEFF, 
and XLONG, the seeker length from the most fonvard surface in 
the design to the mirror surface. 
The computer model for optimizing the seeker design is 
divided into nvo major blocks. One block designs the seeker and 
• 
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evaluates its performance. The other block optimizes the seeker 
design according to the objective ftm.ction and constraints. The 
optimization routine employed is discussed in detail in the fol-
lowing section. The optiu.dzation routine controls the seeker 
design routine; all designs are based on mdependent variable sets 
generated by the optimization routine. 
The computer program subroutines and subprograms associated 
with the design and perfonnance evaluation of the laser seeker 
are ASKEW, DLENS, PAPER, .M1PS, PPDS, and STRF. A brief outline of 
each subrout.ine is presented in Section V; refer to Appendix B 
for the detail computer program listing. Sections VI through X 
explain the detail calculations perfonned by these subroutines to 
assess seeker performance. 
Figure 4 shows the logical flow of the seeker design and 
perfonnance evaluation. Beginning with a set of four independent 
variables Rl, R2, TL, and DD generated by the optimization routine, 
subroutine DLENS checks these variables to ascerta:in whether they 
represent a feasible set. .An :infeasible set could result, for 
example, if TL is greater than the swn of Rl and - R2. If the set 
is infeasible, DLENS generates a dummy design and returns to the 
optimization routine. This dummy design would be rejected in 
the final analysis due to an exceedingly large artificial objective 
ftmction, which consists of the objective function and a large 
penalty factor applied to violated constraints. 
• 
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If the design is feasible, subroutine DLENS will detennine 
the optical design parameters F, BFL, FNO, and DEFF from the 
independent variable set and some fixed parameters such as the 
refractive indices ULENS and ULENSZ. Detail of these computations 
is explained in Section VII. From F, BFL, FNO, and DEFF, the 
optical schematic of the seeker is constructed by DLENS. This 
sChematic contains sufficient information to assess optical per-
fonnance. DLENS then evaluates optical perfonnance using the light 
ray tracing capability of subroutine ASKEW. The results of the 
ray tracing are conbined with optical filter and lens transmission 
factors to detennine seeker aperture and optical field of view. 
Finally, seeker sensitivity is computed in subroutine PPDS using 
these optical results and the amplifier performance characteristics 
conta.ined in the tabulated arrays of ftmction subprogram .AMPS. 
DLENS computes the see~er size based on the optical schematic, and 
the design performance results are transferred back to the opti-
mization routine for evaluation versus previous independent 
variable sets. \ihen the optimali~y conditions have been satisfied, 
the computer program stops 0 Otherwise, a new set of independent 
variables is generated by the optindzation routine and the design 
process is begun again. 
• 
IV. DETAIL OF TI-IE OPTIMIZATION PROGIW.J 
The computer optimization routine used for the nndel was 
extracted in detail from a FORTRAN listing in Siddall (1972). 
nvo optimization programs are included in the listing in Appendix 
B, al tJ1ough only the faster of the two, SEEKl, was actually used 
for this report. ~tr. Siddall's book contains several other opti-
mization programs that use different techniques. These other 
programs lvere not investigated, as they take more computational 
time than the relatively fast schere employed by SEEKl. 
SEEKl uses a direct search method developed by Hooke and Jeeves 
(1961), followed by random searCh checks. The direct search is 
carried out by beginning at a starting point, specified by the 
program user, of the four independent variables. From this po:int, 
a small step is made in both directions of increasing value and 
decreas:L1g value for each variable. These steps are done on the 
variables one at a time, so 2 X N steps are taken, where N is the 
nunber of independent variables. 
An artificial unconstrained objective function, UART, is formed 
of the objective function U and the violated constraints for each 
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set of variables evaluated. A penalty factor of 10 times the 
absolute value of the violated constraint is used to force the 
solution away from constraint violations. 
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A1 though equality constraints were not used in this model, the 
optimizatirn1 program can handle these as well. Care must be 
taken in using equality constraints because of the difficulty 1n 
satisfying them imposed by the penalty factor 1020 . 
The value of the artificial objective function UART 1s computed 
for the starting point and each step. For each independent variable, 
first an increasing value step is taken. If U.ARI' is improved 
(less than the starting point value), the incremented value of the 
variable for that step is retained. If no improvement results, 
then a negative step from the starting point is attempted. Taken 1n 
succession through all the variables, the final case which results 
from this search is a point at which the local minimllln has been 
selected for each variable, whether due to a positive, negative, or 
no step_ 
After determining an improved point, as explained above, 
SEEKl rnal<es a pattern move in the vector direction specified by each 
of the improved step directions. If the artificial objective 
function improves, the position specified by the pattern move is 
set as the base JX>int for the next search sequence. However, if 
the pattern move does not represent an improved point, the program 
selects the point which resulted from the last sequential search as 
the base point. Refer to Figure 5 for a pictorial description of 
the search sequence for a two variable problem. 
Eventually, as an optimum is approached, SEEKl will not be 
able to step in any direction and find an improved artificial 
objective fliDction. The program then reduces the step size and 
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begins the search agam. The entire sequence will be repeated until 
no objective function improvements are found, and a predetermined 
minimum independent variable step size has been reached for all 
variables. 
It is at this time that the random search portion of SEEKl 
takes over. The purpose of the random search is to move the final 
base point to a better position in case it has tenninated on 
either a local optimum, or near a constraint. A specified NTEST 
number of randorrUy generated independent variable sets are called 
for in subroutine SHOT. Relatively large s~ep sizes of as much as 
ten times the initial step size can be generated in SHar. The 
subroutine calls another subroutine, FRANDN, which generates a 
miformly distributed random nunber between 0 and 1. The actual 
step taken is detennined by the fonnula: 
XX(I! = (X(I) - RF(l)) + RR(l) x 2. 0 x RF(l) 
where: 
XX(I) is the position of the variable to be checked 
X(I) is the stalled base point of the variable 
RF(I) is 10 times the initial step size specified for 
search 
RR(I) is a random variable between 0 and 1 
SHar tests each set of variables in sequence to detennine if 
an improved point is found. 'The best improvement in NSHar tries is 
returned to subroutine SEEKl. A modification to SHOT \vhich was 
added does not permit the testing of a set of independent variables 
outside their specified ranges. 
• 
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The sequence of direct search followed by random search will 
continue until either the random search can find no improved points, 
or a specified nurrber of random searches NSHOT has been exceeded. 
If no improved points can be found by either the direct or random 
search, and the solution is feasible, an optimum solution is assrnned. 
The program will print error messages, and the best achieved 
solution, for any of the following preble~: 
1. The ntnnber of shotgun searches, NSHffi', has been exceeded. 
2. No feasible solution has been found after a specified 
~W~1 trials in the search algorithm. 
3. No feasible solution has been fotmd after the step size 
is mininn.nn, and the random search has failed. 
V. RELATIONSHIPS BETI\IEEN VARIOUS CO.MPU1ER PROGRM1 ROlJfiNES 
The optimization and design progranLS constitute a total of 15 
subroutine and ftmction subprogra.Jffi, plus one main controller. The 
functions of these program parts and their relationships to other 
parts are explained as follows , and are shown in Figure 6. 
MAIN 
MAIN is used to establish initial design parameters and 
optimization conditions. MAIN sets the initial values and ranges 
of the design independent variables Rl, R2, TL, and DD. The design 
optimization is initiated by a call to subroutine SEEKl. If an 
optimum solution is foUild, SEEKl will return the solution to MAIN. 
The optimum solution 1'lill be output in proper fonn by a call to 
subroutine AJ'.:SWER, and then MAIN will tenn.inate the run. 
SEEKl 
Optimization is controlled by siliroutine SEEKl. Optimization 
program parameters, suCh as the starting values of the independent 
variables and the allowed range of these variables, are printed 
out by SEEKl. The subroutine then calls SEARGI, which perfonns 
the direct search algorithm. SEARGI wilJ retum to SEEKl with 
either an optimal direct search solution, or an infeasible solution 
if no feasible solution could be foliDd. In either case, SEEKl will 
call SHaf for a random search. The direct search - random search 
cycle will be repeated until either the solution is fully optimized, 
• 
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the specified NSHOT nunber of random searches hHve been completed, 
or no feasible solution can be found in either SEARQ-1 or SHar. 
Depending on which of these cases occur, the program will return 
to ~1AIN, or call ANSWER for a default output, and then tenninate 
the n.m. SEEKl will output intennediate results after a successful 
random search. 
SEARrn 
This subroutine performs the direct search algorithm of Hooke 
and Jeeves described in the section on design optimization. SEARGI 
calls subroutine OPTIMl (or OPTI~~f2 in the case of a SEEK3 search) 
for the evaluation of the feasibility for a specific set of in-
dependent variables, as well as the relative optimality of that set. 
SEARCH calls subroutine UREAL for intermediate optimization results 
printout after each direct searCh cycle. 
SHOT 
Subroutine SHar perfonns the random search algorithm. SHar 
calls subroutine FRANDN for a series of random numbers to establish 
the randomly generated independent variable set to be evaluated. 
An improved solution point will be looked for in SHar., ·as the 
specified nurrber of test points, NTEST are searched. Whether or 
not an improved test point is found, control sUbsequently returns 
to SEEKl. 
OPTIMl 
An artificial objective function is created in this subroutine, 
composed of the sum of the objective function and penalties for 
violated constraints. OPTI~.11 calls sub rout me UREAL to detennine 
18 
tl1e objective function for a given set of independent variables. 
Subroutines EQUAL and CONST are called to check for violations of 
either equality or inequality constraints respectively. The 
absolute value of any violations are multiplied by 1020 and added 
to U, the objective function, to form the artificial objective 
function, UARI'. OPTIMl returns the artificial objective ftmction 
together with the number of violated constraints to SEARCH or SHOT 
depending on which subroutine called for the objective fliDction 
evaluation. 
EQUAL 
EQUAL evaluates the condition of all equality constraints for 
the model. In the case of the laser seeker, there are no equality 
canst raints. A dummy routine was :included for the model which is 
never called, but subroutine EQUAL is needed to resolve external 
references in compiling and executing the program. The potential 
to handle equality constraints, although not needed, was included to 
demonstrate the generality of the optimization program. 
CONST 
All inequality constraints are contained in this subroutine. 
CONST is used to keep the laser seeker within ·specified limits of 
size, optical design constraints, and serves to reject physically 
impossible combinations of the independent variables that may be 
generated by the search routines. 
FAA \fiN 
This subroutine generates a ser1es of N random nunbers 
unifonnly distributed from 0 to 1. The numbers are used to 
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develop the random search pattem of subroutine SHOf. The N 
random nurrbers vary the N jndependent variables about the base 
point developed by SEARCH. 
ANSWER 
A1\JSWER is used to output the results of the optimization. The 
subroutine will print out the values of the objective function, and 
all constraints for the last set of independent variables. After 
returning to the calling program MAJN (optimum fotn1d) or SEEKl 
(nonoptimal solution) the solution terminates. ANffi\~R calls sub-
routine UREAL to evaluate the final value of the objective function, 
and subrol.ltines EQUAL and COOST for the constraints. 
UREAL 
The control of the design portion of the computer program is 
performed by UREAL. UREAL also takes the design parameters which 
result, and fonnulates the objective function from them. This 
information is returned to OPTI~U for artificial objective function 
evaluation, or to SEARrn for intennediate printout of program results, 
and ANSWER for final results. DLENS supplies the necessary design 
parameters to UREAL for the objective function. 
DLENS 
The function of this subroutine is to establish the optical 
schematic of the seeker, and to call for the evaluation of the 
design parameters FOV; SIZE, and SENS. DLENS calls function pro-
grams FAPER and STRF for the optical aperture and optical filter 
signal transmission to be evaluated for a specific off-axis 
optical incidence angle. DLENS calls PPDS for the computation of 
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the seeker sensitivity, SENS. ASKEW is called for the ray trac:lng 
of individual light rays generated by DLENS through the optical 
schematic. 
ASKEW 
This subroutine computes the ray trace called for by DLENS. 
ASKEW uses a geometrical optics ray trace routine described :in the 
sect ion on optics. ASKEW will return to DLENS the coordinates of 
the ray intercept on the detector if the ray is passed through the 
optical design. ASKB'/ also contains a set of conditions to fail 
rays which would not pass through the design to the detector. 
PAPER 
PAPER is a ftmction subprogram to evaluate the optical aperture 
at off-axis incidence angles. FAPER takes several ray trace 
aperture versus angle coordinates developed by DLENS and converts 
them into an approximate function for all incidence angles. FAPER 
is t~ed for ev21U3tion of field of view and equivalent background 
aperture characteristics. 
STRF 
The reference narrow bandpass optical filter design is 
contained in this ftmction subprogram. A call to STRF by DLENS 
will retum the filter signal transmission at the off-axis 
incidence angle specified by DLENS. 
PPilS 
The laser seeker signal power sensitivity PDS 1s computed by 
this subroutine. PPDS calls .AMPS for a set of characteristics 
whiCh specify the reference preamplifier response for a pair of 
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specific parameters: DD, the detector diameter, and TB·lPK, the 
te~rature in degrees Kelvin. PPDS combines these amplifier 
characteristics together \~ith the field of view and aperture cha-
racteristics generated by DLFNS, and calculates PDS. PDS is 
retun1ed to DLENS, and from there to UREAL, where it is renamed 
SENS, the laser seeker sensitivity . 
. AMPS 
The reference amplifier response is stored in four data arrays 
m function subprogram »IPS. These arrays were developed by 
utilizing ru1 amplifier design program developed by Holland (1978a). 
AMPS does a linear interpolation in two dinensions on these data 
arrays to estimate amplifier performance at the specified design 
point called for by PPDS. 
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VI.. DETAIL OF 1HE SEEKER SEJ'\SITIVI'IY PROGRAM 
The laser seeker sensitivity, SENS, ill nanowatts per square 
centimeter, is one of the components of the design objective 
ftmction. The computation of sensitivity requires infonnation from 
all seeker design areas. The optics design program provides the 
target signal aperture, TSA, the equivalent background aperture, 
EBA, and the signal field of vie\v angle, FOV. The reference am-
plifier design tables provide the equivalent noise bandwidth, 
EQNB, the relative pulse response, PN, the amplifier maximum gain, 
PAl, and the rms noise voltage output due to preamplifier noise 
sources, v1NT. The detector design equations provide the leakage 
current, XIL, the DC responsivity, DCR, and the pulse responsivity, 
PR. All these characteristics are described in detail in other 
sections; the use of these characteristics in the computation of 
system sensitivity is discussed here. 
Subroutine DLENS provides the optical parameters mentioned 
1n the preceding paragraph. The reference amplifier parameters 
are tabulated in function subprogram .MIPS. The actual computation 
of sensitivity is conducted in subroutine PPDS. In addition to the 
design independent variables Rl, R2, TL, and DD, the sensitivity 
calculations can handle user input variations in TB·ll?K, the 
temperature in degrees Kelvin. 
• 
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Sensitivity calculations are divided into three major parts: 
The detennination of the seeker signal to noise ratio, determination 
of seeker noise, and detennination of the required power density 
incident upon the optics to produce the signal level dictated by 
the two preceding calculations. The signal to noise ratio is 
largely determined from user selected seeker design requiTements 
that result in probabilities for target acquisition and false 
target rejection. Seeker noise is modeled as the composite of 
several guassian sources of noise in the detector and amplifier. 
Amplifier and detector pulse response is used to determine the 
signal levels for seeker target power. Each of the three parts 
of the sensitivity calculations is discussed in the following text. 
Signal to Noise Ratio Calculations 
One of the calculations needed for sensitivity 1s the re-
quired signal to noise ratio, SNR. The signal to noise ratio will 
give a specified probability of target acquisition in the presence 
of seeker noise. At the same tilre, a probable false target 
acquisition rate is also insured by the signal to noise ratio. 
False target acquisition can occur if a specified nurr.ber of large 
amplitude noise pulses occur in a sequence. The source of signal 
to noise ratio calculations is an interviev lvith Hollm1d (1978b). 
Pulse Detector Parameters Used to Determine SNR 
The seeker detector is a circular device divided into four 
quadrants as shown in Figure 7. Each quadrant is an independent 
receiver for radiant power, and each quadrant has its O\VTI pre-
amplifier and post amplifier to convert this ·radiant power into a 
• 
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detectable electrical signal. The electrical signal output of 
the post amplifier j~ processed with electrical circuits 1.~hich 
detennine \vhether a good target signal is present; this circuitry 
is referred to as acquisition logic. The acquisition logic can 
swn the outputs of one or more quadrants of the detector into rmits 
called pulse detectors. The reason why it is advisable to sum 
quadrants into pulse detectors is that pulse detectors can g1ve 
advantageous signal to noise ratios for certain optical spot 
positions on the detector. 
A valid target could be positioned anywhere within the seeker 
field of view. The reflected energy from the target will image on 
the detector in a position corresponding to its location in the field 
of view as depicted in Figure 8. For the first target position, 
the focused laser energy is imaged entirely in quadrant A. The 
second target has its spot shared between quadrants B and C, \vhile 
the third target is located so that its energy is shared equally 
between all four quadrants. For each case, there is a different 
signal to noise ratio possible depending upon how many quadrants 
are summed together into pulse detectors. These signal to noise 
ratios are shO\vn in Table 1 for pulse detectors of one, two, and 
four quadrants. 
As can be seen, each type of pulse detector has superior 
perfonnance for a different target position. If it is assumed that 
targets may be anywhere within the field of view, it would be 
wise to Choose at least two channel pulse detection. For this model, 
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two channels are used; four such pulse detectors are formed to 
cover the field of view, The quadrants are grouped in pairs as 
follo\vS ~ CA + B) 1 (B + C) , (C + D), and (A + D). The model uses 
the nurrber of pulse detectors, NPD, and the nwnber of quadrants m 
each pulse detector, NCHAN, 1n the SNF. calculations. For this 
model, NPD = 4 ~ and NCHAN = 2. 
Target Aquisition Probability 
Given the presence of a valid target along the seeker optical 
axis, a good design must have a high probability of recognizing, 
or acquiring the target. It is a common practice to specify this 
probability in the design of the seeker. The acquisition logic 
uses a series of pulses for target selection to minimize the pro-
bability that a false target is selected. The number of consecutive 
target pulses needed for acquisition, NPC, is chosen to be NPC = 5 
for the model. 
lhe probability that is used in the sensitivity SNR calculation 
1s the probability of aquiring a single pulse, PROB(l) .. If it is 
asstuned that the probability of each single pulse in a consecutive 
pulse train is a constant value, and that the pulses are independent, 
then PROB(l) can be found from PROBN, the target acquisition 
probability, by: 
PROB(l) = NP~ 
PROBN is chosen to satisfy laser seeker effectiveness 
requirements based m the mission for the seeker. For the purposes of 
this model, PROBN is chosen to be 0., 90. Using the value above for 
NPC, the single pulse detection probability is 0~97915. 
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Threshold to Noise Ratio Calculations 
Selecting the Acquisi::ion Logic 
The seeker pulse detection circuit uses a preset voltage 
level, called the threshold, for accepting a pulse. Any signal, 
whether the source is a target or noise, that exceeds this threshold 
level is accepted. The acquisition logic will begin to look for 
consecutive pulses after the first threshold exceedance. It should 
be evident that there are conflicting design requirements for 
setting the threshold level: 
1. 1be threshold level must be sufficiently high to prevent 
a large nurrber of noise pulses from being accepted, as 
these pulses could lead to a false acquisition. 
2. The threshold level must be set low enough so that valid 
targets can be aquired at long rcmges ·whe~ the target 
pulse signal is weak. 
Asstnne an aquisition logic schere that will simply count the 
ntnrber of threshold exceedances until NPC counts are achieved. 
Noise pulses of sufficient amplitude to exceed threshold will 
occur at some rate PPS in noise pulses per second. On the average, 
one false a.cquis it ion will occur every NPC/PPS seconds. The seeker 
design parameter that controls false acquisitions is the mean time 
interval between false acquisitions, FAT. To make the seeker a 
useful device, FAT is set at a high level. For the model, FAT is 
chosen to be one hour: FAT = 3600 seconds. With the specified 
acquisition logic: 
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FAT = NPC/PPS 
Solving the preceding equation for PPS, with specified values for 
FAT and NPC gives the following: 
PPS = 5 pulses per hour 
This acquisition logic needs a high threshold to noise ratio, TNR, 
in order to ftmction. TI1e resultmg high threshold setting would 
preclude desirable long range performance of the seeker. 
Actual laser seekers employ a more sophisticated acquisition 
logic scheme than presented in the last paragraph to achieve a 
more reasonable threshold to noise ratio, TNR. As described by 
Holland (1978b), the acquisition scheme used for the model uses 
the following principles: 
1. All pulses which exceed the threshold level are considered 
good first pulses for the NPC correlation sequence. 
2. Good target pulses \vill occur at a precise time interval 
spacing of 1/PRF seconds, where PRF is the laser pulse 
repetition frequency, in Hertz. The seeker 1vill know m 
advance the correct value for PRF used by the laser 
designator to illuminate the target so that the acquisition 
time window can be synchronized to PRF. 
3. The acquisition logic will look for the second and later 
pulses only during certain time w:indows of 1vidth QV", spaced 
to coincide with the pulse repetition frequency PRF. The 
gate width is sufficiently wide so ~hat there is no 
possiblity of missing good target pulses. 
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From inspection of Figure 9, it 1s evident how this acqui-
sition logic scheme improves the system perfonnance. With a suf-
ficiently wide QV, there will be no chance of missing a good target 
pulse if one occurs. With a narrow GW in comparison to 1/PRF, 
there are many no1se pulses which will be totally ignored by the 
logic, allowing a larger PPS, and therefore a lesser~~ is required 
to prevent false acquisitions. 
For any single time interval GW, the acquisition gate width, 
the number of noise pulses NP received is proportional to PPS and 
Q\': 
NP = PPS x G\\1 
Using realistic values for PPS and Gv, NP is a very small number and 
can be considered as the probability of a noise pulse occuring 
within G\V seconds: 
Probability(Noise Bulse 1n tirre intenral QV') = PPS x QV 
Since the first noise pulse in any acquisition sequence is automa-
tically accepted, the probability of a false acquisition is the 
probability of (NPC -1) consecutive noise pulses occuring within the 
gate widths : 
Probability (False acquisition) = (PPS x Qv)C~~C -l) 
FAT is the average time between false acquisitions. TI1e nuni:Jer 
of false acquisition sequence attempts within time interval FAT 
is PPS x FAT since every noise pulse starts an acquisition attempt .. 
The tenn PPS x FAT can be equated to the average ntmber of atterrqJts 
whiCh would be required to produce one false acquisition: 
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PPS x FAT = 1/Probability (False acquisition) 
= l(PPS x av)CNPC -l) 
Solving the above equation for PPS, the allowable noise pulse rate 
for a given time between false acquisitions FAT: 
PPS = NP_c I 1 
y-FA-T...-x-Q-~~( NPC-=---_--::-l......-) 
.~ assumption in the above equation is that FAT is large in compa-
rison to 1/PRF, which is the case for the oodel, with values as 
follOlaJS: 
FAT = 3600 seconds 
G\\T = 100 microseconds 
~PC = 5 pulses 
Applying these values to the preceding equation yields PPS = 
308 pulses/second. Compare this to the value for PPS previously 
calculated as 5 pulses per hour, and it is easy to see why more 
sophisticated pulse acquisition logic is used. 
The Probability Used to Set TNR 
All seeker noise sources, whether inherent or due to backgrotmd 
radiation, are asst~~red to be guassian, with some nrs amplitude level. 
The threshold level is set at this nns level times TNR.. According 
to T.W. Holland (1978b), experimental data taken on laser receivers 
has shown that the time duration above threshold for noise in any 
one second interval can be approximated by: 
T = PPS/(2 x EQNB) 
This approximation holds for small noise detection rates PPS like 
31 
those for the model. According to Holland (1978b), it has been 
shown experimentally that T may be considered as the probability 
that noise will exceed a threshold set at TNR rms noise levels: 
Probability (False Detection for TN~ threshold) = T 
Then TNR can be found by using the standard nonnal distribution, and 
finding the nmnber of standard deviations that are equivalent to a 
cumulative probability (1- T). 
TI1e above analysis would apply for a seeker with one pulse 
detector. Since the model uses NPD = 4, there are four noise sources 
feeding the acquisition logic, and a correspondingly greater chance 
for false acquisitions. 
There are NPD pulse detectors in the seeker sir.llltaneously 
supplying noise pulses to the acquisition logic. TI1e effective 
noise detection rate input to the acquisition logic is PPSpd x 
NPD, where PPSpd is the noise detection rate in a single pulse 
detector. 
To offset the increased chance for a false acquisition, the 
allowed seeker false detection rate PPS is divided by the number 
of pulse detectors in the seeker: 
PPSpd = PPS/NPD 
The threshold to noise ratio for the model can no\v be detennined: 
Threshold setting probability = PROB(2) 
PROB(2) = 1 - PPS/2(2 x EQNB x NPD) 
TNR = The nurrber of standard nonnal deviations associated 
with PROB(Z). 
• 
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Figure 10 shows a block representation of the seeker acquisition 
network. 
Signal to Threshold Level 
The following analysis assumes a constant amplitude series of 
good target pulses. If there was no noise in the seeker, this 
pulse train would always produce acquisition after NPC pulses are 
counted, assuming the pulse amplitudes are greater than the threshold 
setting. H~~ever, since there are noise sources in the seeker, it 
is possible that the good target pulse can occur coincidentally 
with a large negative amplitude noise pulse, and the resulting 
composite signal plus noise amplitude will fall below the threshold. 
Therefore, to ensure that a good pulse will exceed the threshold 
level Y.'ith the specified probability PROB(l), the signal level must 
be a sufficient nunber of standard deviations of noise above the 
threshold level. 
Constant amplitude good target pulses were asstnned since there 
1s not a convenient method to handle target pulse amplitude 
variations. Some sources of target pulse amplitude variation 
include laser output amplitude variations, target reflectance 
variations as the reflected spot moves on the target due to small 
angle perturbations of the laser, and atmospheric trans miss ion 
variations, called scintillation. 
Variations in laser pulse amplitude output and target reflec-
tance are probably of little consequence, since they occur at a 
low frequency in comparison to the -total acquisition time, NPC x 
1/PRF. Target reflectance variations are also non -guassian, and 
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highly dependent upon the target being used. Atmospheric scintil-
lation effects are beyond the scope of this model. All these 
effects are not part of the seeker design parameters. It is 
possible to consider these effects, and additional parameters such 
as laser power output and weather conditions, so that actual seeker 
range perfonnance could be established. 
The signal to threshold level is measured in nnits of Tiffi 
seeker noise. The probability that a negative noise pulse is of 
sufficient amplitude to force a good target pulse below threshold 
is 1 - PROB(l). Therefore, the signal amplitude level must be NSA 
rms noise levels above threshold, where NSA is the nrnnber of 
standard deviations of a normal distribution associated \vith the 
cumulative probability PROB(l). 
The signal to noise ratio can now be defined. Since the nns 
noise level that is calculated in the following text is the noise 
out of the amplifier, this noise level ~t be modified to account 
for surrming in the pulse detector: 
:m.Spd = y'NcHAN x RMSarnp 
The required signal amplitude out of the pulse detector surroning 
j1.n1ction is defined by: 
Signal = (NSA + TNR) X R!IEpd = (NSA + TNR) X ( y'NcHAN ) X 
RM)arnp 
The signal to noise ratio is therefore: 
SNR = (NSA + TNR) x ( ~ ) 
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To evaluate SNR, a computer program that calc:ulates the nurrber 
of standard deviations associated with PROB(l) and PROB(2) was 
used. It was discovered that the computation time associated with 
SNR would be excessive if redone for each model design iteration. 
Recognizing that the signal to noise ratio varies only with EQl{B, 
the equivalent noise bandwidth of the amplifier, and all other 
factors are predetennined, a look up table of SNR versus EQNB was 
developed. The range of values for EQNB was derived from inspection 
of Table 8; the resulting SNR versus EQNB data computed is displayed 
in Table 2. A comparison of exact calculation of SNR versus linear 
interpolation using the dattnn points of Table 2 was done. The 
comparison shO\ved less than 0. 01 percent error in the simplified 
calculation. 
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TABLE 2 
SNR VERSUS EQNB 
EQNB SNR EQNB SNR EQNB SNR EQNB SNR (MHz) (f'.Hz) (~.Hz) (]\Hz) 
9.3 9.1825 9. 7 9.1952 10.1 9.2065 10.5 9.217 8 
9.4 9.1853 9.8 9.1980 10.2 9.2094 10.6 9.220 7 
9.5 9 .. 1881 9.9 9.2009 10.3 9.2122 10.7 9.223 5 
9.6 9.1910 10.0 9.2037 10.4 9.2150 10.8 9.226 3 
TI1e calculation of SNR is perfonned in subroutine PPDS. 
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Determination of Seeker Noise 
'There are three noise sources that contribute to the total 
rms noise voltage fer a detector and preamplifier channel. One 
source is background radiation collected by the optics due to solar 
energy reflected from the grotmd. This radiation is converted by 
the detecto.r in to a DC current. The OC current produces shot noise 
in the detector, \vhich is amplified and appears as a noise voltage 
at the post amplifier output. There is a second noise source in 
the detector which is caused by the necessity of a bias voltage 
for detector operation. This bias voltage produces a bulk leakage 
current, which in tum causes shot noise. The section on the 
detector nodel discusses the computation of the bulk leakage current 
and the detector DC responsivity, \vhich is needed to convert back-
ground energy to backgrotmd DC current.. It is worth noting that 
the bulk leakage current is very small for a properly manufactured 
detector, and has an insignificant effect on seeker perfonnance 
unless high temperatures and night operation are considered. 
The third source for noise is the preamplifier. The section on 
the amplifier model discusses how the amplifier noise sources are 
dete·rmined. A reference amplifier has been constructed for the 
seeker model, and its performance parameters, including output 
noise voltage, are contained in four data arrays. 
All noise sources are asstm1ed to be guassian and independent. 
The noise sources are specified by an rms no~se voltage for each. 
The total noise voltage output of the post amplifier has an nns 
level VINf that can be calculated by the following: 
• 
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where: 
VINB = The nns voltage due to backgronnd radiation 
VXIL = The ~ voltage due to detector bulk leakage 
VXIA = The nns voltage due to the amplifier 
VINT is the noise voltage that is multiplied together with the signal 
to noise ratio SNR in detennining the required signal level for 
acquisition. \~NT is calculated in subroutine PPDS. 
Background Radiatidn and Detector Noise Calculations 
Refer to Figure 11 for the physical description of the para-
meters used to determine the background radiation calculations. 
Consider a scene where sunlight is incident upon the ground at 
some angle rur from a vector normal to the local grotmd area. The 
seeker is looking at the ground from a long range R with a relatively 
small field of view, AA, where AA is the total conical field of 
view and is in radians. Incident solar energy is reflected from 
the grotmd in the direction of the seeker, and some portion lS 
collected by the optics. The portion collected is the sunlight 
which falls within the area projected on the grotmd by field of 
view M; the area is defined to be AFOV. The total solar radiant 
power incident upon the grotmd within area AFOV is detennined by: 
P = H
5 
x AFOV x cos(PHI) 
where: 
Hs = Solar irradiance, watts per square meter 
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AFOV x cos(PHI) = Projected area normal to the sun, 
square meters 
Hs 1s evaluated by integrating the solar spectral irradiance, aH (L\ ' 
over the operating seeker optical wavelengths as detenn:ined by the 
filter bandwidth. Hs would nonnally be evaluated by an integral 
since the spectral irradiance does vary \vith wavelength. However, 
in order to minimize the total backgrotmd radiation seen by the 
detector, the optical bandwidth BO is kept narrow by use of an 
optical filter . Over this narrow range, the spectral irradiance 
can be considered constant and the solar irradiance can be fotmd • 
from: 
H
5
A = ~~ at 1.064 x 10-6 meters 
In order to evaluate the portion of radiation reflected from 
the grotmd in the direction of the seeker, the ground is assumed 
to be a diffuse, or larnbertian reflector. Seyrafi (1973) defines 
the total radiant power ernatted from a lambertian surface into a 
hemisphere surrol.IDding the surface as: 
\vhere: 
N = The surface radiance in a direction nonnal to the 
n 
surface, watts per steradian per unit area 
dS1 = Surface area 
For the small field of view and long range of a laser seeker, 
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AFOV can replace dS1 in the above fonnula. The power erni tted from 
the ground area is the product of solar incident power and ground 
reflectance. Substituting P x RB for P in the preceding equation, 
e 
\~here RB is the backgromd reflectance, and solving for N : 
n 
N = ( 1/ ( 1T X AFOV) ) X (P X RB) 
n 
= (HSA X BOX cos(PHI) x RB)/TI 
Now that N is detennined, Seyrafi (1973) specifies the irradiance 
n 
H at the seeker aperture by approximating the ground as a plane 
a 
surface, the largest dimension of which is small with respect to 
the range R: 
Ha = (Nn x AFOV x cos(THETA))/R2 
where: 
TIIETA = The angle between the grotmd nonnal and the 
seeker as shown in Figure 11 
2 The term (AFOV x cos(THETA))/R approximates the solid angle 
subtended by the full cone angle field of viev AA. This solid 
angle is defined as O~IEGA and has rmits of steradians. O~·!EGA can 
be directly detennined from the field of view as follows: 
(}.1EGA = (2 X n) X (1 - cos (M/2)) 
ClviEGA can be substituted into the equation for Ha. The portion of 
reflected solar irradiance seen by one quadrant of the detector is 
simply 0. 25 x H , since the projection of the quadrant upon the 
a 
ground covers one fourth of the area seen by the entire field of 
view. The background radiation used to calculate the backgroWld 
DC current in one detector quadrant is then: 
40 
H d = (H , x BOx cos(PHI) x RB x OMEGA)/(4 x n) qua s/\ 
The specific values of sore of the tenns in the preceding 
equation which were used in the model are: 
H
5
A = 0.05 w/m2;~ (Seyrafi, Figure 1.9, 1973) 
BO = 320 angstroms 
RB = 0.35 
cos(PHI) = 1 (for the sun at its zenith) 
The electrical noise associated with this radiant power is 
now calculated. The photodiode detector responds to this power 
with its DC responsivity, DCR. OCR is corrputed by the empirical 
relationship detailed in the detector model section. The DC 
current in one quadrant of the detector, XIDC, is the product of 
quadrant irradiance, the backgrotmd aperture and transmission, and 
the DC responsivity: 
XIDC = H d x EBA x DCR qua 
The background aperture transmission product, EBA, converts the 
incident backgrotnld irradiance, H d' into the pov.-er seen at the qua 
detector quadrant surface. 
XIDC is converted into an Tiffi no1se voltage level appear1ng 
at the output of the amplifier by the following relationship: 
VINB = ( vz x e x XIDC x EQNB ) x PAl 
The tenn tmder the square root sign in the preceding expression is 
the shot noise current of the detector, \vhich is converted to an 
amplifier output noise voltage by the transimpedance amplifier gain 
PAl. The term e in the above expression is the charge of an elec-
tron. The expression of the noise voltage for the second detector 
• 
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no1se source, VXIL, lS the same as for VINB with XIL substituting 
for XIOC: 
VXIli=(VZ x ex XIL x EQNB ) x PAl 
Computation of the Seeker Sensitivity, SENS 
All detail calculations necessary to evaluate the seeker 
sensitivity have now been described. The first step in evaluating 
SFNS is to detennine VSIG, the required amplitude of the target 
pulse signal appearing at the alJl)lifier output; 
VSIG = SNR x VINT 
VSIG is converted to an equivalent peak amplitude of a current 
pulse out of a detector quadrant. This is accomplished by dividing 
VSIG by the laser pulse transimpedance gain, PAl x PN: 
XSIG = VSIG/ (PAl x PN) 
The sensitivity, SENS, can be found by converting the current pulse 
into a radiant power pulse, and dividing this po1ver pulse by the 
optical signal aperture transmission product: 
PDS = XSIG/(PR x TSA x lxl0- 4) 
where: 
PR =Detector pulse responsivity, amperes/watt 
TSA = Signal aperture trans~ssion product, cm2 
TI1erefore, the tmits of PUS are \vatts/m2. SENS is required to be 
m units of nanowatts/cm2 , so SEt\lS and Pffi are related by a constant: 
SENS = PDS x 1x105 
The calculations of sensitivity are carried out 1n subroutine PPDS. 
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VII. OPTICAL DESIGN PROGRM-1 
The optical design program for the model is contained in sub-
routines DLENS and ASKEW. ASKEW is a ray trace program controlled 
by Dlli\JS, which sets up the specific optical design dictated by 
parameters DD, TL, Rl and R2. DL.ENS also controls subroutine PPDS 
for the computation of the system sensitivity based on the cal-
culated optical design parameters. 
The configuration of the optical system designed by DLENS is 
shown in Figure 1, and consists of a primary lens, a folding mirror, 
a secondary lens, and a detector. To simplify the ray trace, the 
folding mirror is not used in the design program; the optical system 
is tmfolded as shown in Figure 12. A field stop is placed in front 
of the secondary lens to represent the blockage due to the back 
surface of the primary lens. The optical filter, which. is positioned 
in front of the prirnc.ry lens, is not modeled because its effects 
are not significant in determining optical performance. 
The lens configuration rodeled is typical of refractive 
primary laser seeker designs. This design type requires that the 
detector be positioned at the optical node of the primaDr lens. 
In some laser seeker implementations, the rrcirror surface is 
angularly positioned to look directly at the target after acqui-
sition has occurred, With the detector positioned at the optical 
node, the primary lens can then be angularly varied with respect to 
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the target without caus1ng motion of the collected target energy 
away from the detector center, a property which is useful for 
missle guidance. 
The secondary lens serves to magnify the apparent s1ze of the 
detector. This 1s desirable in that a smaller detector, with 
correspondingly better sensitivity characteristics, can be used 1n 
an application requiring a large field of vielv. The model has an 
advantage in that the effects of ~1e secondary lens can be removed 
by simply using a refractive index of 1.00 for the secondary lens 
so that no refraction occurs. 
The seeker parameters that must be computed to assess the 
optical design performance include DEFF, the primary lens diameter, 
F and BFL, the primary lens focal length and back focal length, CASE, 
the detector preamplifier case diameter, FOV, the half angle field 
of vie'v, TSA, the target signal aperture at zero degrees look 
angle, and EBA, the equivalent background aperture. From these 
parameters the system cross sectional area, SIZE, can be computed, 
as well as SENS, the system sensitivity. The calculations for each 
parameter are discussed in detail in the following paragraphs, 
and in the ne..xt section. 
The case diameter, CASE, 1s detennined by chaos ing the ma..."Ximlnn 
of program user specified case size, CASED, or a size based on the 
requirement for packaging the detector, CASEUP + DD. In the first 
representation, the case diameter size is limited by the degree of 
miniaturization possible in the design of the detector preamplifiers 
0 
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that are momted in the case. In the second representation, the 
case size is larger than the preamplifiers require due to the 
package size necessary to accommodate the detector. 
DEFF, the primary lens diameter, is first estimated from the 
design variables R1, R2, and TL, together with program user 
specified minimum lens edge thickness, TEDGE, and maxinn.nn prinRry 
lens diameter fiVJAX. The computation of DEFF is accomplished in 
subroutine DI.£\JS after a verification of the feasibility of the 
parameters Rl, R2, and TL. The following feasibility constraints 
are applied: 
- R2 - TL ~a. o 
Rl >TL 
TL >1 .. 0 
If these constraints are violated, DLENS sends a set of dummy values 
back to the calling subroutine. The optimization program, which 
contains the same feasibility constraints in subroutine CONST, . 
'~ill recognize the infeasibility of the dummy case. 
DEFF is calculated using the following equations: 
CC = Rl - R2 - TL 
0. = TEDGE/CC 
A = Rl/(Cl + 1.0) 
B = ABS(RZ)/(Cl + 1.0) 
Sl = 0.5 x (A+ B + CC) 
AM[ = Sl X (Sl - A) X (Sl - B) X (Sl - CC) 
DEFF = (4.0 x (1.0 + Cl) x (1.0/CC) x~ 
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These equations utilize the georretrical relationships of similar 
triangles sham in Figure 13. 
After computation, the value for DEFF is compared to DMAX, 
the user specified maximum allowable diameter. If DEFF is greater 
than Jl.1A.X, DEFF is set equal to a1AX. This will make the primary 
lens smaller in dirureter, with a thicker edge, a design which 
does not violate the ndnimum edge thickness TEDGE. 
The value for DEFF is then compared to CASE. If DEFF is less 
than CASE + 2., the design is considered infeasible and DLENS 
returns dummy values to the calling routine as previously described. 
A light ray trace of the primary lens using rays parallel to the 
optical ax1s is then begtm, l'ihich will establish the primary lens 
focal length and back focal length. During this ray trace, the 
program also traces a ray through at a height equal to the lens 
radius DEFF/2. If this ray fails to pass through the lens, the 
failure is due to total internal reflection on the lens second 
surface. The program automatically reduces DEFF by 0.04 centimeters 
if this failure occurs and perfonns- a new ray trace. When the 
periphery ray finally passes, this reduction of DEFF stops. 
Because of several factors in the lens design, the primary 
lens 1s subject optical aberrations. When rays parallel to the 
optical axis are traced through the primary lens, they ,,·ill 
inters~ct the optical axis at different poD1ts along the axis for 
different heights as shown in Figure 14. TI1is effect is called 
spherical aberration. Along with other aberrations, such as coma 
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and astigmatism, spherical aberration 1s reduced in a practical 
primary lens design by making one or both lens surfaces aspheric 
(not spherical). The computations necessary to design and ray 
trace through aspheric surfaces was considered to be beyond the 
scope of this model. Therefore, the focus position was defined to 
be the point at \'lhich a ray of height 0. 375 x DEFF + 0.125 X CASE 
intersects the optical axis. This position was selected to favor 
rays at heights near the periphery of the lens, which cross the 
optical axis at much steeper angles than the rays closer to the 
case diameter. These·steeper rays are more difficult to capture with 
the secondary lens, so the detector should be positioned closer to 
their intersection point than the true paraxial focus to give a 
better representation of the field of view and off-axis apertures 
that can be ad1ieved with an aspheric design. 
The program which computes the optical ray tracing necessazy 
in DLENS is contained in subroutine ASKEW. ASKEW represents a 
modification of the Fortran subroutine of the same name fonnd 
m Nussbatnn and Phillips (1976). ASKEW has the capability of 
tracing rays from planar or spherical surfaces using exact geo-
metrical techniques. 
ASKEW operates from a defined lens schematic provided by 
DLENS. This schematic contains information about each individual 
surface of the lens and additional surfaces such as the preampli-
fies case, where light rays- may be blocked. . The info1111ation for 
each surface is specified by a series of dimensioned variables 
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for which the subscript defines the surface number being evaluated. 
lhe surfaces are numbered sequentially in terms of their relative 
position; surface one is the first surface encolUltered by a ray, 
while the last surface encountered by a ray is the largest nl.liTber 
of the dimension subscript, denoted as N in both ASKEW and DLENS. 
The variables associated with eaCh surface are: C(I), the 
cunrature or reciprocal of the radius used to develop the surface, 
T(I), the distance the ray has to travel from the vertex of the 
previous surface to surface I, CAO(I), the clear aperture outer 
radius of surface I, CAI(I), the clear aperture inner radius of 
surface I, and U(I), the refractive mdex of the medium beu~een 
surfaces I-1 and I. For plane surfaces, C(I) = 0. CAO(I) and 
CAI (I) may be considered as aperture stops which prevent any ray 
from passing if their limits are exceeded. 
A coordinate system (x, y, z) is defined from the initial ray 
position. The ray is generated m a direction defined by the 
direction cosines (Cx, Cy, Cz). ASKBV computes alternately 
translations between surfaces and refractions at surfaces. Refer 
to Figure 15 for a pictorial representation of the coordinates for 
ASKEW. 
Refraction will occur at a surface where tl1e refractive indices 
on either side of ti1e surface differ, such as where the ray which 
leaves the air preceding the primary lens and encomters the first 
surface of the primary lens. At each surface, several failure 
modes are tested for each ray. These failure modes are indexed by 
• 
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I FLAG in ASKE\V as follows: 
1. !FLAG = 1 indicates that the ray did not intercept the 
surface. 
2. IFLAG = 2 indicates that the ray intercepted the surface 
at a radius greater than the clear aperture outer 
radius CAO. 
3. IFIAG = 3 indicates that the ray intercepted the surface 
at a radius less than the clear aperture inner radius CAI. 
4. IFLAG = 4 indicates that the ray is internally reflected 
at the surface. 
If a ray failure occurs, a variable called Jv!ISS 1s set to one m 
ASKS\' indicating the failure. 
ASKEW was compared for accuracy to ACCOS V, rev1s1on 12/28/72, 
a commonly used computer program for optical design. A lens 
schematic was devised and various rays were traced using both 
programs. Sample results of this comparison are depicted in Table 
3. As can be seen, the results compare favorably. Any error 
between the two programs' results is most probably due to the 
double precision calculation tedmiques used in ACCOS V, where 
ASKEW uses single precision. 
• 
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TABLE 3 
COf\!PARISON OF ASKEW TO ACCOS V 
RAY TRACE RESULTS 
Sample X, 
Ray ASKEW 
1 1.628 
X, 
ACCOS V 
1.628 
2 -0.1700 -0.1700 
3 
4 
-0.0025 -0.0026 
0.0063 0.0063 
Y, 
ASKEW 
-0.0091 
-0.0018 
-0.0072 
0.0019 
Y, 
ACCOS V 
-0.0091 
-0.0018 
-0.0072 
0.0019 
• 
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ASKBV will return the coordinates (x, y, z, Cx, Cy, Cz) of 
the last position of the ray to DLENS. Program parameter M can be 
set to a value less than K, the nurrber of surfaces, which will require 
that ASKEW retum to DIENS the coordinates of the ray on surface 
~·I, and the direction cosines of the ray after refraction at surface 
M. To find the focus position of the primary lens, DLENS directs 
ASKEW to return the ray coordinates and refracted direction cosines 
at the secmd surface of the primary. DLENS then projects this 
refracted ray in two directions to fi.T"!d the back focal length and 
the focal length. The back focal length, BFL, is the distance 
between the intercept of the ray with the optical axis and the 
vertex of the primary lens second surface. The focal length, F, 
extends between the intercepts of the refracted ray with the 
optical a.xis, and the refracted ray \''ith the meridional ray incident 
on the primary lens. Refer to Figure 16 for a~ illustration of 
this. The intersection of the refracted and incident ray occurs 
at the nodal plane or the secondary principal plane of the lens. 
Actually, a secondary principal-plane does not actually exist 1n 
that the locus of all ray intersections for all possible ray 
heights forms a cunred surface within the lens, due to the lens 
aberrations. 
In stunmary, Dlli\JS fonnulates a lens sd1ematic specifying the 
prtirna.ry lens as defined by Rl, R2, TL, and DEFF. A meridional or 
parallel light ray is traced through at ray height DEFF/2 to 
verify that there is no intemal reflection on the second surface 
• 
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of the pr~aDr lens. If internal reflection occurs, DEFF is 
automatically reduced tmtil no reflection occurs. With DEFF 
dcte11nined, DLENS then traces a ray at a fixed arbitrary height, 
\\'hich is used to detennine the focal length F, and back focal 
length BFL. The lens design £-number, FNO, 1s determined by the 
equation: 
R\]0 = F/DEFF 
Having selected the design focal length and back focal length, 
DLENS canst ructs a lens schematic including all apertures and 
optical surfaces of the desi~1, such as the preamplifier case, the 
detector diameter, and the secondary lens. 1\vo design types can be 
handled by the program; each type requires different lens schematic 
types in DLE-.JS. Examples of differing designs that can be handled 
are sha\'11 in Figure 17. 
The detector plane will always lie '''ithin the prlJllary lens 
because of the lens configuration, which ranges from convex-convex 
to nearly convex-plano for all allo\\'ed coniliinations of Fl, R2, and 
TL. As is shown in Jenkins and \fui te (1976) , the secondary 
principal plane, which is set as the detector image plane, will 
lie within the primary lens for all designs '~ithout concave surfaces. 
As a further JTX)Wlting constraint, DLENS d1ecks to see that the 
outer circumference of tJ1e detector lies '~ithin the primary lens. 
The detail lens schematic shown in Figure 18 and Table 4 illus-
trates a design produced by DLENS. Note that surface 3 has a 
clear aperture outer radius of 1000 em. TI1is is a dummy value that 
• 
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guarantees that no light blockage can occur on that surface, except 
along the irmer aperture radius defined by CASE/2. Surface 5 
represents the blockage due to the folding of the optical path 
back into the prin~ry lens; this blockage represents the hole in 
the second surface of the primary lens. 
The radius of the secondary lens is calculated from the 
secondary lens refractive index, l.JLENS2 , the detector diameter, DD, 
and a multiplication factor of 0.525: 
R3 = u~~sz x DD x o.sz5 
TI1e purpose of the secondary lens 1s to provide a wider field of 
vie\-J by capturing off-axis incidence angle light rays that would 
rruss the detector if there were no secondary lens. 
For on-axis light rays, a lens design without aberrations 
will have all rays converge at one focal point. Since the radius 
R3 of the secondary lens 1s generated with that focal point as 
its center, on-axis rays from the primary lens would enter the 
secondary lens nonnal to its surface; the secondary Kould not 
refract these rays and therefore would have no effect on them. 
For off-axis light rays, the secondazy lens ·will tend to 
refract these rays toward the center of the detector. It is this 
effect that results in a larger field of view for seeker designs 
containing a secondary lens. The factor 0. 52 5 used in the 
express1on for R3 is a design parameter ~1at has been used success-
fully in past seeker designs. TI1is factor was not varied to see 
its effects on field of view. 
0 
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For the pr1mary lens designs generated by the computer program, 
\vhich do have aberrations, the effect of the secondary lens on 
light rays incident on-axis is to reduce their radius of intercept 
\vith the detector plane. 1his results in a smaller spot size; a 
small spot size means that all ray intercepts are closely spaced 
on the detector plane. 
The benefits of the secondary lens were deJIDnstrated by 
numing a ray trace containing 800 individual light rays for a 
sample lens design at various incidence angles. The results of 
the ray trace are shown in Table 5. From this table, the on.:axis 
bending of rays by the secondary lens is sho\vn to be advantageous 
1n yieldll1g a doUbled aperture for a 0.5 em detector diameter. 
In all the design cases sho'vn in Table 5, the greater field of 
via-~ with the secondary lens installed is evident. Another item 
pointed out in Table 5 is the aperture reduction associated with 
the increase in detector diameter beyond the diameter that can be 
packaged Kithout increasing the preamplifier case diameter, which 
for the cases illustrated is DD = 1.6 centimeters. 
Detector 
Dia. 
(em) 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
55 
TABLE 5 
IMPAO' OF TIIE ADDITION OF A SECONDARY 
LENS TO A SNv1PLE OPTICAL DESIG'J 
\Vi thout Secondary Lens With Secondary Lens 
On-axis Field of On-axis Field cf 
Aperture View Aperture View 
(em) (degrees) (em) (degrees) 
27.1 1.8 69.1 1.9 
71.1 2.5 79.1 4.0 
77.4 3.7 79.1 6.3 
75.4 5.0 75.4 8.5 
72.0 6.4 72.0 10.7 
67.7 7.9 67.7 12.9 
NOTE: The fol1~tJing para.Jreters were used for this sample design: 
Rl = 7. 33 lJLF.}JS = 1. 5 7 Ci\SED = 3. 3 
R2 = -so. 0 ULENS2 = 1. 57 (With Secondary) CASEL = 3. 4 
TL = 2. 83 ULENSZ = 1. 00 (With no Secondary) CASEUP = 1. 7 
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When DLENS has assembled the lens design schematic, an optical 
ray trace is performed to find the target signal aperture, TSA, the 
effective background aperture, EBA, and the signal half angle field 
of view, FOV. The details of these computations are discussed in 
the section on aperture transmission product and field of view. With 
values for these parameters, DLE.NS calls subroutme PPUS to compute 
the target signal sensitivity, SENS. The details of the computations 
perfonred in PPilS were discussed previously in the section on seeker 
sensitivity. 
DLENS completes its computations by deterrrdning SIZE, the 
cross sectional area of the lens design. This cross sectional 
area is defined by the diameter of the primary lens, DEFF, in one 
dimension , and by the measurement between JPi rror plane and the 
most foruard surface of the primary lens with the detector and 
preamplifier case install~d. DLENS completes its task by returning 
the optimization parameters SIZE, SENS, and FOV, together with all 
detail design parameters necessary to check the constraints of 
the seeker design in subroutine CONST. 
• 
VIII. APERTL~ TRfu~S~llSSION PRODUCT AND FIELD OF VIBv 
In order to evaluate seeker apertures needed to compute the 
systen1 sensitivity and field of view, two ray traces of the optical 
design are perfonned. The first ray trace yields the on -axis 
(0° incidence angle) aperture, .APERO, of the seeker. By means of 
a combination of geometrical computations and a second off-axis 
ray trace, an estimate of lens design aperture versus off-axis 
incidence angle is then fanned, similar to the rurve sho~~n in 
Figure 19. 
Figure 19 indicates that the aperture reduces as the inci-
dence angle on the prirrary lens is increased. This aperture 
reduction is due to two effects. Up to the off-axis angle indi-
cated as A0 in Figure 19, nearly all the rays that get through 
the primary lens are collected on the detector. The slight 
0 0 
aperture losses from 0 to A are due to the loss of projected 
pr11nary lens area (proportional to the cosine of the off-axis 
angle) , and prinazy lens surface shadowing by the detector and 
preamplifier case, as shONil in Figure 20. 0 0 From A to B , the 
aperture losses are principally due to rays failing to strike the 
detector surface after passing through the primary lens, as 
illustrated in Figure 21. 
The most accurate tedu1ique for determining aperture versus 
off-axis incidence angle is to compute an entire series of ray 
• 
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traces for small changes in off-axis angle. However, this series 
involves an excessive amount of computational time for a repetitive 
optimization routine. To reduce computations, an estimate approaCh 
was chosen for the model which uses an on-axis ray trace for APERO, 
a geometrical aperture estimate at A0 , and a second ray trace at a 
point bebveen A0 and B0 to deterwJne the aperture losses from A0 to 
B0 . This estimation procedure is discussed in more detail later in 
this section. 
The ray trace and estimation teChnique yield a ray trace aper-
ture versus angle curve. This curve must be further modified to 
include both lens fresnel reflection losses and the optical 
filter transmission losses to accurately represent the seeker 
aperture transmission product. The losses due to the lenses may 
be estimated by assuming all surfaces have losses represented hy 
(~: }j' where n is the lens refractive index, 1. 57. Therefore, each 
surface has a loss of 5 percent. The total transmission through 
the lenses, TRL, is approximately 70 percent ((1-.05) 7). 
exponent 7 in the preceding equation represents the number of 
surfaces 1n the optics where losses can occur. These seven surfaces 
are the two surfaces of the dome, the two primary lens surfaces, 
the mirror, and two surfaces of the secondary lens. The optical 
dome is a window in front of the primary lens to keep moisture out 
of the seeker, and has no effect on optical cl1aracteristics other 
than transrrdssian losses. TRL = 0. 7 is a conservative approximation 
for lens transmission, in that each lens surface could be m1ti-
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reflection coated to man1m1ze fresnel losses. The absorption 
coefficient of the lens material at the laser wavelength is not 
significant, so only surface reflection losses need to be considered. 
An optical bandpass filter, which is positioned in front of 
the primary lens, serves .to reject background radiation at wave-
lengths other than 1. 06 microns, the laser operat:ing wavelength. 
This is done by using optical interference techniques. The optical 
bandpass filter is a nultilayer stack of alternating high and low 
refractive index dielectric coatings deposited on a glass substrate. 
Wavelengths outside the bandpass region interfere destructively 
and are rejected, while those within the bandpass region (optical 
ban&~idth) are transmitted. Since the rejection band for the 
bandpass filter does not extend far enough to block all radiation 
\vavelengths that can be absorbed LTI the detector, an additional 
multilayer blocking filter is deposited on the glass substrate to 
attenuate these wavelengths. 
The optical filter transmission reduces with increasing 
incidence angle. This is because all bandpass interference filters 
shift their center wavelength towards shorLer wavelengths as the 
incidence angle increases according to the Optical Coating Labo-
ratory, Inc. (1972). This \vavelength shift grows more pronotmced 
as the optical bandwidth is decreased. A filter design trade 
exists where larger off-axis angle transnussion ~t be penalized 
in order to narrow the optical bandwidth for best on-axis sensl-
tivity, Although filter bandwidth and resulting off-~xis perfor-
mance seem ideal parameters to include in the optimization rodel, 
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they \.;ere not included since the mathematical expressions for inter-
ference filter design describing this relationship were not avail-
able. 
The model of the optical filter performance is based on a 
filter design transmission versus wavelength plot as presented in 
a report by the Optical Coating Laboratory, Inc. (1972). The 
selected bandpass filter has an optical bandwidth of 320 angstroms 
and is designed to work over an angular range of 0° to 12° off-axis 
incidence angle. Using a graph of optical filter transrndssion 
versus wavelength, and a fonnula given in the same reference for 
center \vavelength shift versus incidence angle, a transmission 
versus incidence angle approximation \vas developed for the filter. 
This approximation is tabulated in ftmction subprogram STRF of the 
computer program. A call to STRF with an off-axis incidence 
angle ALPHA will return the filter transmission at that angle .. 
TI1e effects of ray trace aperture losses, lens transmission 
losses, and optical filter transrnassion losses are combined to g1ve 
the target signal aperture ti.Jnes transmission product for any 
incidence angle ALPHA- The signal aperture-transmission product 1s 
called the effective signal aperture, EFSA, The effective signal 
aperture is equivalent to an optical system with no transmission 
losses that also has a decreasing aperture as the incidence angle 
ALPHA increases: 
EFSA(ALPHA) = FAPER(ALPHA) x TRL x STRF(ALPHA) 
where: 
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EFSA(ALPHA) = The effective signal aperture at 
incidence angle AlPHA, square centirreters 
FAPER(ALPr~) = Lens aperture at incidence angle 
ALPHA, dete~ned from ray tracing, 
square centimeters 
TRL = The lens optical transrrdssion, 0. 70 
STRF(ALPHA) = Optical filter transmission at incidence 
angle ALPHA 
The seeker field of vi6v angle, FOV, is defined as the angle 
:\LPHA at which the effective signal aperture EFSA is SO percent 
of the effective signal aperture for ALPHA = 0°. TI1is field of 
view angle is the half cone angle for the circular solid angle 
field of viev, since the optical system performance is symmetrical 
about the optical axis. 
The target signal aperture, TSA, is defined as the effective 
signal aperture at ALPHA= 0°. TSA evaluates the seeker perfor-
mance for a target located near the center of the seeker solid 
angle field of viev. The equivalent backgrotmd aperture, EBA, 
for the lens design is defined as the backgrotn1d aperture for an 
equivalent seeker which has a constant aperture up to ti1e angle 
represent:ing the field of vie\v, and no aperture outside the field 
of vi a-;, as sho\vn :in Figure 22. The background aperture versus 
off-axis angle is determined by the following equation: 
BAPER(ALPHA) = FAPER(ALPHA) x TRL x STRF(0°) 
Note that the loss of transmassion versus off-~~is angle for the 
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optical filter is not included in this expression. The optical 
filter will only shift its center wavelength versus incidence 
angle; the filter bandwidth and maximum transmission remain cons-
tant. Radiant solar background energy, which is constant for wave-
lengths in proximity to 1.06 microns, will not have the attenuation 
suffered by radiant energy at 1.06 microns due to filter center 
wavelength shift. 
The equivalent background aperture, EBA, lS computed by 
integrating the volume under the BAPER(ALPHA) curve, and dividing 
this voltmle by the area fanned by a field of view of FOV degrees 
half cone angle: 
1 f ALH-IA=maximwn EBA = -----
n FoVZ 21T X BAPER(ALPHA) X ALFHA X d.ALPHA 
0 
= 
2 ALPHA=maximtm1 pQV21 BAPER(ALFHA) x ALPHA x dALFHA 
0 
In order to detennine the aperture losses versus incidence 
angle ALPHA on the primary lens, a light ray trace program \>.Jhich 
is computationally efficient and accurate was devised. It was 
recognized that only rays striking the right half of the primary 
lens first surface need be considered in the model, since ray 
tracing the left half of the lens would yield symmetrical results. 
This eliminates half the rays to be traced, with no loss in 
accuracy. A rectangular ray field of dnnens.ions fixed by the 
lens diameter DEFF in the vertical direction, and by DEFF/2 in 
the horizontal direction, is positioned such that the right half 
of the primary lens is covered by the ray field. The field is 
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di vicled into a 2 x ~ .. lf\~ by ~ grid of equally spaced rays where Iv1M is 
a user specified integer determining grid density. These rays are 
individually traced through the entire lens schematic using sub-
routine ASKEW. A ray \vhich strikes the detector is considered a 
success; all such rays are cotmted. The nurrber of rays that are 
successful is divided by the total nunber of rays which are traced, 
and this ratio is multiplied by the lens diameter squared (uvice 
the rectangular area) for the seeker aperture estimate~ 
Since there are 2 x ?.tM x MM rays to be traced through the 
system, one method to reduce computations is to reduce ~~1, effec-
tively making a coarse grid of rays. A ray trace of a sample lens 
design with two different values for :f\·1M was conducted. As shown 
in Figure 23, there appears to be little difference between the 
results for MH = 20 (800 rays) and M'-1 = 9 (162 rays), so ~lt\1 = 9 
was chosen as being sufficiently accurate for the model. 
For off-axis ray traces, the grid 1s rotated by ALPHA degrees 
about the Y- axis in ASKEW coordinates, By incrementing the inci-
dence angle ALPHA, a set of apertures could be ray traced; these 
ray trace results could be used to plot the lens system performance 
versus ALPHA, This would require excessive computational time, 
however; a :rrore efficient though less accurate approach was chosen 
for the model, as previously n1entioned. 
The technique chosen for computing the aperture versus mci-
dence angle perfonnance involves only two ray traces--one near 
0°, and one at an angle estimated to correspond to 50 percent of 
0 
the on-axis aperture. The first ray trace, at ALPHA= 0.15 , 
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gives the on-axis aperture, APERO. In addition, several statistics 
measur1ng optical spot size and spot centroid position relative to 
the center of the detector are also evaluated with this ray trace. 
XBAR represents the centroid of energy of the spot in the X direc~ 
tion measured from the detector center. RB.AR and SDR are the mean 
spot radius and standard deviation of the spot radius measured from 
XBAR. The spot radius is estimated as RB.AR + SDR. Figure 24 gives 
a pictorial representation of these statistics. 
These four values are used to estimate Al"JGGEO and .Ai'JGEST. 
A\JGGEO is the incidence angle at which the edge of the spot just 
contacts the edge of the detector, while ANGEST is an angle esti-
mated to correspond to the seeker field of view angle. Up to 
A~GGEO, the model assumes that all rays that are attenuated versus 
incidence angle are due only to geo:retry losses from shadowing by 
the detector case, and the projected area decrease of the primary 
lens. Beyond ANGGEO, the spot runs off the detector, and the most 
significant aperture losses are due to this effect. ANGGEO 
corresponds to A0 in Figure 19. 
ANGGEO is computed by assuming that the spot centroid lvill 
traverse the detector at a rate of XBAR/0.15 centimeters per 
degree. The distance that the spot centroid travels so that the 
edge of the spot contacts the edge of the detector is the detector 
radius less the radial spot size: 
ANGGEO = (DD x 0. 5 - REAR - SDR) x 0 .15/XBAR 
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The aperture at angle A~GGEO is detennined by adding the effects 
of the projected area of the primary lens and detector case sha-
do\ving. Projected area effects are estimated as the product of 
on-ax1s aperture and the cosine of ANGGEO. Shadrnving is estimated 
by the projected area of the preamplifier case and the hole in the 
primary lens at angle AI\!GGEO, less the area of this obstruction 
at 0° incidence angle. Since the obstruction can extend further 
than the limit of the case length eASEL for lens designs like the 
second configuration of Figure 17, this effect is included in the 
calculations. Because the aperture loss due to case shadowing is 
slight, a conservative estinate of the obstruction length is 
acceptable. TI1e length of the center case obstruction, OBL, is 
chosen to be the distance between the first and last surfaces 
\'lhich have obstructions; in some combinations of le!1ses and pre-
amplifier cases OBL can be slightly longer U1an the actual obs-
truction length. 
The shadowing aperture loss SAL is computed from the follrnving 
equation: 
SAL = OBL x SIN(ANGGEO) x CASE - ~ x 
CASE 2 x (_1. - COS(ANGGEO)) 
Therefore, the aperture at angle .ANGGEO, APERG, can be calculated 
as: 
APERG = APERO x COS (ANGGEO) - SAL 
The aperture versus incidence angle plot from 0 degrees to 
ANGGEO degrees is defined by a straight line cormecting APERO and 
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APERG. To complete the aperture versus incidence angle plot, 
another straight line approximation is extended from coordinate 
(M~GGEO, APERG) through (ANGEST, AP2) and is continued until the 
straight line intersects the incidence angle axis at zero aperture. 
A~GEST is estimated by assuniTng the spot moves (0.8) x (RBAR + SDR) 
x "( 0 . 15) /XBAR degrees past ANGGEO: 
ANGEST = ((0.8) x (RBAR + SDR) x (0.15)/XBAR)+ ANGGEO 
The aperture at .ANGEST, APZ, is computed by a second ray trace. 
AP2 is an approximation of the SO percent effective signal 
aperture. 
After the second ray trace is completed, a comparison beu~een 
AP2 and APERO is done by the program. If .AP2 is not within + 15 
percent of 0. 5 x A.PERO, the program considers that the aperture 
estimate APERG at A~GGEO is questionable, and does a ray trace at 
A~GGEO. ANGGEO is adjusted as a result of the ray trace. Sub-
sequent ray traces can be performed until the ray trace value for 
APERG is at least 85 percent of APERO. These extra ray traces 
only occur when AP2 is not close to 0. 5 x .APERO, which does not 
happen often over the ranges of Rl, R2, TL, and DD which yield 
feasible designs. 
Now the ray trace aperture versus incidence angle has been 
defined by the coordinates (0, APERO), (ANGGEO, APERG), and (ANGGEST, 
AP2) as shown in Figure 25. These coordinates are tabulated in 
the program function subprog-ram F.APER, so that a call to PAPER will 
return the ray trace aperture at the specified incidence angle ALPHA. 
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The SO percent aperture field of view FOV is computed from 
the ray trace aperture and the lens and filter transmissions which 
together define EFSA. An iterative procedure is used to dete1~e 
FOV, begiru1ing with ANGEST as the first guess. The iterative 
procedure evaluates EFSA(ALPHA) at ALPHA= ANGEST, and compares this 
value to 0. 5 x EFSA(0°). The angle ALPHA is increased or decreased 
In one degree increments, until two consecutive tries bracket FOV 
as shown in Figure 26. At this point the angle FOV is detennined 
by 1 in ear mterpolat ion between the two estimates. 
The equivalent background aperture is computed by numerical 
integration of the BAPER(ALPHA) versus ALPHA curve. The incidence 
angle ALPHA axis is broken up into intervals of DELANG '~idth over 
a range eA~ending from zero degrees to ALPHA = maximum corres-
ponding to zero aperture. The volume associated with each DELANG 
interval, '~ith the interval centered at ALPHA = ANG, is computed 
by asswning a constant aperture of BAPER(ANG) over the interval: 
DELTV = 2 n x BAPER(.ANG) x ANG x DELANG 
Each DELTV voltmle increment is Sl.DTD1led for the total voltune, VTOT, 
tmder the BAPER curve. EBA, the equivalent backgrotm d aperture, 
1s then; 
EBA = YfOT/(~ x FOV x FOV) 
Verification of the calculations for TSA, FOV, and EBA were 
done by comparing the results of the program to an 800 point ray 
trace at increrrented incidence angles. TI1e results of the program 
calculations and the 800 point ray trace are shown in Figure 27 · 
As can be seen by inspection of this figure, there is very good 
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correlation between the results of the two computational teclmiques. 
DELAJ\JG = 0. 5 degrees was used in the model. 
• 
IX. l\~ODELING OF TI-lE SEEKER DETECfOR 
Detector Description and 
~bdel Parameters 
The device that receives the light energy collected by the 
lenses and converts this energy into a detectable electric signal 
is the photodiode detector. The detector is a silicon sernicon-
ductor wafer designed to respond to high frequency light pulses 
emitted by lasers. A typical detector is shovm in Figure 28. 
The details of the construction of the detector show that 
the operating portion of the device is composed of three layers. 
The top layer, upon which the light energy is incident, is a thin 
layer of p-type silicon. The intennediate layer of thic1mess W 
is intrinsic silicon, and this is followed by a layer of n-type 
silicon. Because of this construction, the detector is referred to 
as a P-I-N photodiode. 
Incident photons are absorbed in the middle, or intrinsic 
layer. The p- type layer is· thin so vezy few photons can be absorbed 
here, as the desired photocurrent output occurs in the intrinsic 
layer. TI1e intrinsic layer and n-:type layers are separated by a 
reflective surface, so that photons l-Jhich are not absorbed on the 
initial pass through the intrinsic layer must pass through the 
layer one more tire, increasing the number of photons absorbed. 
A bias voltage 'l is impressed between the p-type and n-type 
layers. TI1is voltage depletes the intrinsic layer of its charge 
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carriers, and also produces a high electric field E (volts/em) 1n 
the layer. If a photon is absorbed in the intrinsic layer, it 
creates an electron and nole pa1r. These charge carriers are swept 
rapidly out of the intrinsic layer by the electric field, and create 
a current. In this manner, the detector operates as a photon to 
electric current transducer. Because of the high electric field, 
and the fact that the photocurrent for radiant power is carried 
more by the faster electrons than the holes, the P-I-N photodiode 
has the fast response needed to detect laser pulses. 
In order to properly 1JX)del the detector for the seeker 
program, several design characteristics are identified that per-
tain to detector performance. The detector current response to 
incident photons is defined by the DC responsivity (amperes/watt) 
and the pulse responsivity (arnperes/\vatt). The detector quadrant 
capacitance and leakage current are also modeled. Other device 
characteristics are important to areas not of interest in this 
100del. 
The efficiency at \vhich the detector converts photons to charge 
carrier pairs is called the quantum efficiency, ETA. ETA is defined 
by; 
ETA = electrons/incident photon 
Cbviously 1 for any given photon, ETA can be only 1 or 0 depending 
upon whether the photon was absorbed in the intrinsic layer or not. 
The definition for ETA applies to large nUITbers of photons; ETA = 
1 here would mean that everr photon which strikes the detector is 
converted, 
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The fonnula for quantwn efficiency is detailed in the discus-
sion of DC responsivity, DCR. DCR is necessary to the QOdel in 
that it is used to con~ute the current generated in the detector 
due to solar background radiation. This current produces a noise 
current that is a significant portion of the total seeker noise. 
DCR is also used to determine the detector pulse responsivity. 
Pulse responsivity, PR, is used to convert the good target 
light pulse into a current pulse for processing. The pulse re-
sponsivity is determined by the time response of the laser pulse 
input, and for the short duration pulse output of lasers, this re-
spnnsivity is less than the DC responsivity. 
Quadrant capacitance, DETCAP, is needed for the reference 
amplifier circuit representation. Small detectors have small 
capacitance, and this effect is ignored for these devices. Ho\tJever, 
for a seeker with a wide field of view, the detector size is large 
and quadrant capacitance effects r.ru.st be included. 
In addition to the current generated by incident photons, 
there is also a detector leakage current, XIL, caused by the bias 
voltage that depletes the intr:insic layer. This leakage current 
is a lOlv value for a properly manufactured device, although its 
effects are noticeable tmder seeker operating conditions of lo1v 
backgrotmd radiation (nighttime operation) or high temperature. 
XIL is included in the model for completeness. 
Some other detector design d1aracteristics include responsivity 
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versus :incident light wavelength, saturation power density, quad-
rant crosstalk, and response transition as the light spot is 
scanned across adjacent quadrants. These characteristics are not 
required for this model, but if the reader is interested, he can 
find detail discussions of these parameters in the references cited 
m the following text. 
The design variables which characterize the specific perfor-
mance of one detector in comparison to another are the bias voltage, 
V, the intrinsic or depletion layer thickness W, and the tempera-
ture in degrees Kelvin, TBIPK. Although the following analysis al-
lows variation in parameters V and W, the model uses fixed values 
for these; a reference detector design was selected much like the 
reference amplifier discussed later. W = 0.05 centimeters was 
selected as representative of current device fabrication lirrats; 
~~Intyre [ca.1968] states that a 0.07 centimeter width naght be 
within fabrication limits. A voltage V = 200 volts was selected, 
as this voltage is sufficient to fully deplete the intrinsic layer 1 
and produces the high electric field necessanr for fast pulse 
response, 
Wide depeletion layers are better for laser pulses that have 
pulse widths like the laser that is used for the model, in that 
they permit the use of a larger load resistor and improve seeker 
signal to noise ratio according to Mcintyre et. al. (1969). How-
ever, a faster pulse response can be obtained with a lesser 
depletion layer thickness W. A possible area for further opti-
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mization study would be to include V and W in the model, so that 
an optimum detector design would be Chosen. 
Detector DC Re~;ponsivity_ 
DC responsivity, DCR, is the response of the detector to 
steady radiation. It is used in computing the background current 
in the detector for noise determination. ·DC responsivity is 
described in the following equation (Mcintyre [ca. 1968]): 
DCR = (q x LAMBDA x ETA)/(h x c) 
where: 
-19 q = Electron charge, 1.602lxl0 coulombs 
WfBDA = Light wavelength, meters 
h =Planck's constant, 6.6256xl0- 34 watt seconds 
c = Speed of light, 2.9979x108 meters/second 
ETA = Quantwn efficiency 
As exrlained later, the laser source for the seeker operates 
-6 
at a wavelengt1l of 1. 064xl0 meters. A narrow band optical 
filter blocks incident radiation from wavelengths that the detector 
could absorb other than the operating wavelength. Applying LMffiDA 
= 1.064xl0- 6 meters the preceding equation reduces to: 
DCR = 0.858 x ETA 
Formulations for ETA vary for the different references 
studied. Mcintyre [ca. 1968] uses the follo\ving equation: 
ETA= (1 - r) x (1 - e-(n X ALPHA x W)) + 10% 
1 
where: 
r = The front surface reflectivity of the detector 1 
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n = 1\n empirical constant depending on n-type surface 
reflectivity. A typical value is 2. 
ALit~= Absorption coefficient, 1/cm 
\V = Depletion layer width, em 
This formula was selected over other representations for ETA as 
no test data was presented in any of the references to validate 
the different equations for ETA, and it was simple to model this 
fonrula. A graphical presentation of quantum efficiency versus W 
and TEHPK is included in Mcintyre [ca. 1968] .. 
The absorption coefficient ALPHA and its variance with temper-
ature is presented in graphical fonn in Figure 1 of ]\Icintyre 
[ca. 1968). Data from this graph were selected as follows: 
0 -1 Temperature, K ALPHA, on 
250 
300 
350 
6.3 
13 
28 
1m empirical relationship was developed to mtch this data: 
ALH-IA = e (0. 014 7 x TEJIPK - 1, 83) 
When this formula is used in the preceding equation for ETA, with 
the additional parameters W = 0.05 em, r1 = 0.20, and n = 2, 
computed values for ETA were compared to those shown in Figure 3 
of f\t:Intyre [ca.l968]: 
0 TEMPK, K ETA, Computed ETA, Fig. 3 Error (%) 
350 0. 749 0. 736 2 
"300 0.586 0.578 1 
250 0.375 0 .. 380 1 
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Since these computational errors are well below the + 10% tolerance 
attributed to the fonnula for ETA by !.1clntyre [ ca.l968], the compu-
tations for OCR were considered validated for the purposes of this 
model. 
Detector Pulse Responsivity 
The Current Time Response Equations 
The detector pulse responsivity is measured as the relationship 
between the output current pulse amplitude and the input light pulse 
amplitude ·with the detector essentially short circuited. Pulse 
responsivity is measured with a 50 ohm load resistor that produces 
a sufficient voltage drop to be measured without affecting the re-
sponse bandlvidth. The current versus time response of the detector 
is detennined by the transit times for the electrons and holes as 
they are swept out of the depleted intrinsic layer. Md1ahon (1971) 
formulated a detector pulse response model. The current response 
to a pulse of N (ntnnber of photons) photons with a pulse , .. ;idth 
p 
DEL TAT much shorter than either the electron or hole transit times 
Te and This expressed as: 
I (t-t0) = ETA x q :x Np x TERt·i(t-t0) 
where: 
TERf\! = o for t< t 0 
TERJ.J = (1/Te) x (1 - (t - t 0)/Te) 
+(1/Th) x (1 - (t - t 0)/Th) for t 0 ~ t~ (~0+Te) 
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TEm~ = (1/Th) x (1- (t- t 0)/Th) for (t0+Te)< t~(t0+Th) 
TE~~ = 0 for t > ( t 0 + tn) 
The time t 0 is the tine at which the light pulse of NP photons 
occurs. 
The basis for this current response equation is that the gen-
eration of electron and hole pairs by photon absorption is nearly 
t.mifom throughout the volume of the intrinsic layer when back 
reflection effects are considered. ~tlntyre [ca.l968] comments 
that this assumption holds true only when the product of the absorp-
tion coefficient and depletion layer thiclmess is nruch less than 
one. For the detector design selected, AlPHA x l~ ranges from 0. 3 
f 0 0 to 1. 4 over a temperature range o 250 K to 350 K. ~fcintyre 
contends that "nen ALFHA times W is approximately one, rore light 
is converted to charge carriers near the incident surface. This 
would result in more mrrent being carried by electrons, whicl1 
have faster transit times than holes. 
The computer model uses the preceding equation for current 
response computation, since that fonnula was checked e:A-perimentally 
by Md1ahon (1971) with favorable results. Including the effects 
noted by ~~Intyre [ca.1968] could result in superior pulse response, 
but unfortunately that reference did not detail the calculation 
for pulse response rmder the condition ALPHA x w· z 1. The measured 
amplitude response of the detector in J..!d1ahon was indeed slightly 
greater than he predicted. 
The detector current response to any arbitrary laser pulse 
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input can now be described u_smg the preceding formula by dividing 
the pulse into smaller pulses of width DELTAT, and summing the 
current response to these individual pulses for the total curTent 
response, 
Laser Source Parameters· 
Tne detector pulse response cannot be determined without first 
speciD'ing the laser used to produce the light pulse_ The source 
of reflected target energy for the seeker model was selected to be 
an existing laser rangefinder. International Laser Systems, Inc. 
(1978), produces such a product: The ~bdel NR-214 Nd:YAG Laser 
Rangefinder. From a catalog description of this device, the fol-
lowing specifications are used for the computer model: 
Par-ameter Value 
Operating Wavelength 1.06 microns 
Pulse Width 17 nanoseconds 
Pulse to Pulse Jitter < 10 microseconds 
Pulse Amplitude Stability Better tl1an 10% 
According to T. W. Holland (1978b) laser pulse 1vidths are ured 
between the half-power points of the output power versus time \~ave­
fonn and the laser pulse po\'ler versus time waveform can be approxl-
mated by a sme squared ftmction as shown in Figure 29. 
Development of the Pulse Response Model 
The laser pulse waveform is now divided into small pulses of 
width DELTAT less than the electron transit time T , Such a small e 
time increment is shown 1n Figure 29. Each srrall pulse is approx1-
mated as a square pulse of amplitude evaluated at the midpoint of 
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the pulse interval. The product of power amplitude and DELTAT is 
energy. The nuniJer of photons Np in the pulse can be detennined 
since a photon is a m1it of energy: 
Np = P a.np x DELTAT x l»P.DA/ (h_ x c) 
\'/here P amp 1s the power amplitude at the pulse midpoint. 
Substituting these results into the expression for current response: 
I (t - t 0) = ETA x q x LAMBDA x P amp x DELTAT x TEffi..1(t-t0)/ 
(h x c) 
This equation can be simplified by using ~1e detector DCR: 
I (t - t 0) = OCR x P amp x DELTAT x TER?vl(t - t 0) 
All the terms on the right hand side of the preceding equation have 
been previously defined except TERM, which is a function of the 
transit times Te and Th. The transit time for either an electron or 
a hole is defined as the time required to cross the depletion layer 
'~idth W. For a detector with a low electric field E, the electron 
transit time is defined by: 
T = w2 1 oru x Y) e e 
'"-There: 
tvll..i = Electron mobility> cm2 /Y sec 
e 
It has been shown by Prior (1959) that the electron transit 
time does not confonn to the above fonnula for high_ electric 
fields such as the case of the detector used in the model. Table 
6 defines electron transit time as a function of bias voltage for 
several depletion layer widths W. 
w 
(em) 
0.02 
0.03 
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TABLE 6 
ELECTRON TRANSIT Tll·tFS, NANOSECONDS, VERSUS DIODE 
VOLTAGE AND DEPLETION LAYEP. 1EICKNESS 
v 
(volts) 
80 
100 
150 
200 
80 
100 
150 
200 
T 
e 
(nanosec) 
5.25 
4.7 
3.8 
3.2 
10.2 
8.9 
6.9 
6.0 
w 
(em) 
0.05 
0.07 
SOL~CE: ]\lcintyre [ ca .1968] , Figure 4 
V T 
(volts) (n~osec) 
80 27 
100 22 
150 16 
200 13.2 
80 so 
100 41 
150 29 
200 23 
The data in Table 6 can be interpolated linearly versus bias 
voltage V, or versus w2 , with what appears to be less than 10% 
error. An approximation of electron transit times for corrbinations 
of voltage and depletion layer \'Jidths \'lithin the limits of Table 6 
can be accomplished, provided that the combination of W and V 
selected gives a fully depleted intrinsic layer. W=0.07 and V= 
80 would not be fully depleted, for example. Varying the detector 
• 
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(W, V) properties was not done with this JTX)del, but these parameters 
could be used in further design optimization studies. 
The hole transit time Th is derived from the formula: 
Th = w2!U·~ XV) 
TI1is is valid since data m Grove (1967) show that the hole drift 
velocity is proportional to the electric field up to levels of 6000 
volts/em, and the model electric field is only 4000 volts/em. 6000 
volts/em is only obtainable for depletion layer widths of 0~03 em 
and 0. 02 em in Table 6, and only for very high voltages at these 
widths. 
The temperature dependence of transit times is also discussed 
1n Grove (1967). For intrinsic silicon, mobility temperature 
dependence is dominated by lattice scattering and has a TBIPK- 2 · 5 
distribution as detennined e:x1Jerimentally. Since the tra11sit times 
are inversely proportional to the rrobility ~!U, the transit time 
variance versus TBIPK can be approximated by: 
T (TBfPK) = T (300°K) X (TEHPK/300) 2· 5 
e e 
Th (TEMPK) = Te (300°K) x (TB-1PK/300) 2 · 5 
T (300°K) = 13.2 nanoseconds for W = O.OSon and V = 200 volts 
e 
Th(300°K) = (O.OS) 2/(~(300°K) x 200) 
0 2 ~·flb ( 300 K) = 400 em /V sec (~fcMahon, 19 71) 
Now all terms which comprise I(t -t0) have been defined. The 
current response to a short duration pulse being specified, it 
remains only to fonn the composite response to a series of these 
short pulses ,,·hich when taken together fQrnl a sine squared laser 
pulse. A program was written to con-pute the peak pulse responsivity 
• 
BJ 
to the laser pulse input_ The laser pulse was described as a 17 
nanosecond at half amplitude width, sine squared wavefonn, pulse 
of l.IDit amplitude. The con~puted pulse response was measured rel-
ative to this unit amplitude. The pulse was divided into smaller 
pulses of width DEL TAT == 0. OS nanoseconds. The results of this 
program are shown in Table ] . A result of the responsivity program 
was demonstration of the characteristic tail of the detector 
response curve as shown in Figure 29.. This tail is due to the slow-
er response tine of the holes. The data of Table 7 were put into 
an array in subroutine PPffi, and linear interpolation was used to 
determine peak pulse responsivity for an arbituary ten~erature 
'IDPK. Note that responsivity- increases versus Tfl.PK ootil 340°K, 
at which temperature the increasing DCR is offset by the longer 
transit times Te and Th. 
• 
250 
260 
270 
280 
PR 
(anp/ 
'vatt) 
0.280 
0.304 
0.327 
0.350 
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TABLE 7 
DETECTOR PULSE RESPONSIVITI 
VERSUS TB1PK 
290 
300 
310 
320 
PR 
(amp/ 
watt) 
0.371 
0. 390 
0.406 
0.419 
330 
340 
350 
Detector Capacitance 
PR 
(amp/ 
watt) 
0.428 
0.433 
0.433 
f'.tcintyre [ ca.l968] presents a simple fonrrula for the detector 
quadrant capa~itance, DETCAP, in units of picofarads: 
DETCAP = 1 . 06 x ARA/W 
where ARA is the area of one quadrant of the detector in cm2. 
In addition, Mcintyre [ca.l968] states that there are 2 to 3 
picofarads of stray capacitance associated with each quadrant. The 
capacitance rrode1 was therefore fornrulated as: 
DETCAP = (21.2 x ARA) + 2.5 
• 
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Detector Leakage Current 
The detector leakage current is composed of currents flowing 
ln the device that are not due to photon generated charge carr1ers. 
There are two sources of leakage current. One source is surface 
leakage, \vhich will be the dominant factor if not guarded against. 
However, most surface leakage currents can be absorbed by a guard 
ring surrotmding the quadrants. The circular construction of the 
quadrant array also helps to minimize surface leakage by elimina-
ting several sharp comers. 
The active area quadrant leakage 1s predominantly caused by 
bulk leakage current, which is due to the intrinsic layer charge 
carrier generation. The current due to bulk leakage in a fully 
depleted detector quadrant is given by: 
--1 XIL = 0. 5 x e x n. x TAU x W x ARA 
1 
where: 
-3 
n. = Intrinsic carrier density, em 
1 
TAL' = Carrier lifetime within the depletion region, sec. 
The bias voltage \i does not enter the equation of bulk leakage 
current provided that the detector is fully depleted, as shown in 
Mdvlahon ( 19 71) • 
The temperature dependence of bulk current shows up 1n tenn 
n.. This tenn may be evaluated from: 
1 
n. = C x (TB.fiJK) 3/2 x e- (Eg/ (2 x k X TB!PK)) 
1 
where: 
C = A constant 
• 
0 TBIPK = Temperature, K 
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E = Silicon energy band gap, electron volts g 
k =Boltzmann's constant, electron volts1°K 
The energy band gap is also a fLmction of temperature and as 
described by Sze (1969), can be represented as: 
E (TB1PK) = 1.16 - ( 7. 02xl0 - 4 x TFJ-1PK2) I (Tfl.IPK + 1108) g 
Sze (1969) also gives a value for tne intrinsic carrier concen-
tration at TB1PK = 300 °K: 
ii. (TB1PK = 300 °K) = 1. 6xlo10 I on3 
1 
Combining this value withE (300 °K), and solving for C gives: g 
C = 7.2xl0 15 
The generated carrier lifetime, TAU, is 1n excess of 500 macro-
seconds for a properly processed detector. TAU = 500 wicroseconds 
will yield a larger leakage current than any longer carrier life-
time; therefore TAU = 500 microseconds will be used in the model. 
Combining all the above results, the quadrant leakage current XIL 
1s determined in the model by: 
XIL = 1.15 x (TB1P1.11. 5 x e- (_Eg ('ffi.tiPK) I (_2 x k x ffi.!PK)) x WxAAA 
Test results were available for a specific four quadrant detector 
design, at two temperatures ,296°K, and 358°K. At the lower temp-
erature, the preceeding equation predicts a leakage current of 0.04 
microamperes, and the test data averages at 0.03 microamperes. For 
the elevated temperature case, the equation predicts 3.18 rracro-
amperes compared to the measured 2 .. 8 microamperes. The model was 
considered validated by these results. It is worth noting from 
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the experimental data that if improperly processed, devices could 
have much greater currents. It rrrrght be adviseable to modify the 
above equatio~~ to account for poor processing if the model is ever 
used for a practical design so that less favorable devices might be 
accepted. The leakage current is so small that it is a ndnor con-
tribution to seeker performance. 
• 
X. DEVELOPMENT OF 11-IE LASER SEEKER 
REFERENCE ~IPLI FIER ~fJDEL 
The reference amplifier receives the signal current from the 
detector and produces an amplified voltage signal output suitable 
for signal processing. The anplifier is composed of two stages: 
the preamplifier, which raises the signal to a higher level while 
int reducing a minimum amount of noise, and the post amplifier, which 
filters the signal and controls the overall gain of the system over 
a wide range of input signal levels which are encountered as the 
seeker approaches a target. Since the signal 1s amplified to a 
high level prior to entering the post amplifier, it is necessary 
only to consider the noise terms int reduced by the preamplifier. 
The preamplifier design is of the cas code type. Cas code am-
plifiers are superior for lvideband, low-noise amplifier applications 
\"hen compared to other possible designs, such as emitter fcllcwer 
and common emitter. The cascade amplifier has a better signal to 
noise ratio than the eiritter follower design, and avoids the :Miller 
capacitance effect of the common emitter design, which tends to 
roll off the amplifier response at the high frequencies necessary 
to amplify a laser pulse. 
A simplified model of the cascade preamplifier used in the 
program is shown in Figure 30. In practice, -the amplifier design 
• 
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1s modeled in somewhat n~re detail to include other sources of 
capacitance and noise. XS is the detector input current to the 
device. Cl 1s the detector capacitance, and Rl is the detector 
bias resistor. R3 and C2 are the feedback network for the ampli-
fier. R4 is the amplifier output resistor, and R2 is the ~1amic 
resistance of the amplifier. A is the amplifier gain. C3 re-
presents parasitic capacitance at the amplifier output. 
Figure 31 shows an equivalent noisy circuit for the preampli-
fier. In parallel with the feedback resistance R3 and the detector 
bias resistor R.l are noise current sources R3N and RlN which re-
present the thermal noise currents generated in these resistors. 
AVN and ACN are the amplifier equivalent noise voltage and noise 
current sources, XIS is the detector noise current due to back-
grow1d radiation noise and leakage current noise. R4 is not modeled 
with a noise source since it appears at the output of the amplifier; 
noise at this point has a minor effect on overall system noise. 
The output noise generated by each noise source appearing at 
the preamplifier output is proportional to the square root of the 
total amplifier (preamplifier plus post arr.plifier) 
noise bandwidth and gain squared product for that source. A 
Laplace transfer function relating the input for eacl1 noise source 
to the output of the preamplifier was derived. TI1e product of tJ1is 
transfer function and the post amplifier transfer function gives 
the total amplifier transfer fnnction for each noise source. TI1e 
Laplace transfer function for each noise source must be evaluated 
to detennine the equivalent noise banchovidth a~d gain squared 
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product, ENBGG, for the noise source. The transfer functions 
derived from analysis of the circuit in Figure 31 for eaCh noise 
source are as follows: 
N1 (s) 
D(s) 
N2(s) 
D(s) 
N3(s) 
D(s) 
where: 
N1 (s) 
N2(s) 
=The transfer function for XIS, RlN, and ACN 
= The transfer fw1ction for AVN 
=The transfer ftmction for.R3N 
= (lU R2 R3 R4 C2)s + (Rl R2 R4 + A R1 R2 R3) 
= [ -Rl R3 R4 C2 + A Rl R2 R3 (Cl + C2)] s + (A R1 R2 
+ A R2 R3 - PJ. R4) 
~3 (s) = "(Rl R2 R3 R4 Cl) s + (Rl R3 R4 + R2 R3 R4 - A R1 R2 R3) 
D(s) = {Rl R2 R3 R4 (Cl CZ + Cl C3 + C2 C3)]s 2 
+·{Rl R2 R3 [Cl + C2 (_1-A)] + Rl R2 R4 (Cl + C3) 
+ R1 R3 R4 (C2 + C3) + R2 R3 R4 (C2 + C3)} s 
+ [ R1 R2 (1-A) + Rl R3 + Rl R4 R2 R3 + R2 R4] 
If the post amplifier transfer ftmction is represented as 
N (s) tcsJ , then the total transfer ftmction for each noise source 1 
p 
1s of fonn: 
Fi (s) 
G(s) 
N. (s) N (s) 
= 1 p 
D(s) D (s) p 
fori = 1,2,3 
This transfer fliDction can be evaluated for the equivalent noise 
bandwidth-gain squared product ENBGG by the foll~ving expression: 
1 /f-J.· 00 ENBGG ( i) == ---=-j~47T--
-J 00 
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Fi(S) 
G(s) 
2 
Ids 
This relationship holds when Fi (s) is of order less than G(s) and 
G(s) has zeroes only in the left hand plane (Bradford, 1971). 
This integral can be conveniently evaluated using determinants. 
Bradford (1971) developed an expression for the evaluation of this 
integral as the ratio of two deterrrnnants: 
( -l)n-l. I Nn I Th13GG = 
.,....4b_n__ x I Dn I 
The elements of matrix D, d .. , are defined by: 
n lJ 
d .. = b(n-2i+j) 
l.J 
0 
for 0 ~ 2i- j ~ n 
elsewhere 
The term bk 1s the coefficient of G(s) associated with the kth 
power of s. The indices i and j range from 1 to n. The elements 
for matrix N are the sane as for D except that the first colLnm 
n n 
is replaced by a2n-2' azn-4' ... ' ao fori = 1,2, ... 'n. The 
tenn ak is the coefficient associated \vith the kth po,,rer of s in the 
eA~ression F.(s)F.(-s). 
1 1 
SEEKER, a computer program developed by Holland (1978a) is 
used to compute the amplifier response characteristics. SEEKER uses 
the transfer ftmctions and mtegral evaluation methods discussed 
above. Components were selected for the reference prean~lifier 
to represent typical values for the amplifier design: 
R1 = 10,000 ohms 
R2 = (BETA x K x TEMPK) I (e x I e) 
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R3= 20,000 ohm; 
R4 = 5,000 oluns 
Cl = Detector capacitance, calculated as a function of DD, the 
detector diameter 
cz -12 = 0.5 x 10 farads 
C3 = 2 X 10-l2 farads 
BETA = 50 
I = Einitter current, 0. 00075 amperes 
e 
K =Boltzmann's constant, 1.3806 x l0- 23 Joules/°K 
e =Electron charge, 1.60~19 x l0- 19 coulombs 
The rms noise current associated with the thermal noise 
generated by a resistor can be represented as a current source 
(Seyrafi, 19 73) : 
1nns = Vc 4 K T BW) /R 
where: 
T = Temperature, degrees Kelvin 
BW = Electrical circuit banclhridth, Hertz 
R = Resistance, ohn5 
This current noise appears at U1e output of the reference amplifier 
as a voltage, with amplification: 
--------
vnns = G x inns = v(4 K T BW G2)/R 
where: 
G = Transimpedance amplifier gain 
BW G2 = The tenn ENBGG previously defined. 
Holland (1978b) characterized the amplifier voltage and 
current noise sources referenced to the amplifier outputs as: 
• 
ACN = (2 e rnv I G2)/BETA 
e 
91 
AVN = 010 + 0.13/Ie) 4 K T BW G2 
The voltage outputs for all circuit noise sources are represented 
as: 
RlN = v4 K T ENBGG(1) 
R3N = v 4 K T ENBGG(3) 
ACN = Vcz e Ie ENBGG(1))/BETA 
AVN = v(lO + 0.013/Ie) 4 K T ENBGG(2) 
The total amplifier noise voltage output, VXIA, 1s: 
VXIA = v RlN2 + R3N2 + ACN2 + AVN2 
The post amplifier is modeled as two cascaded first order 
filters with break frequencies at 20 ~~. The post amplifier 
design has been simplified for this model,-but the model is suffi-
ciently accurate for amplifier characteristic approximations. One 
simplification that was made was the elimination of the post 
amplifier high pass filter. A practical post amplifier design will 
include a high pass filter at 100KHz to eliminate all low frequency, 
or 1/f, noise sources. Since 100 KHz represents only 0.5 percent 
of the amplifier noise bandwidth, omitting this filter does not 
affect model calculation results. 
The 20 ~Hz filters yield a good signal to noise ratio m that 
they pass most of a 17 nanosecond h~lf pulse width laser pulse, 
while eliminating a significant portion of the electrical noise 
which is proportional to the square root of the banch'.'idth. TI1e 
Laplace transform representation of the post amplifier is then: 
• 
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Np(s) = 1 
Dp(s) (6.33 x lD- 17) s2 + (1.59 x 10- 8) s + 1 
This transfer function is multiplied by the ith preamplifier 
transfer function to form the total reference amplifier transfer 
function for the ith noise source. 
Program SEEKER (Holland, 1978a) was utilized to develop the 
reference amplifier response to a set of detector size and tempera-
ture conditions that cover the range of values possible in the 
optimization program. The amplifier response results developed 
using SEEKER are catalogued in the model subroutine AMPS. Calls 
to AJ'.!PS from PPDS with input conditions of DD, the detector diame-
ter in centimeters, TB1PK, the temperature in degrees Kelvin, and 
a S\,·itching variable IFLAG, will return any of the four functions 
in ftJ\fPS, depending on the value of I FLAG. 
IFI.AG = 1, 2, 3, or 4 will return the ftmctions EQ:t\TB, PAl, 
PN, and VXIA respectively. .All four functions together Nill 
specify the performance of the reference amplifier for any cowhi-
nation of DD and TEMPK. The four ftmctions are tabulated in 6 by 
6 arrays as shown in Tables 8 through 11. The data are tabulated 
for all combinations of DD = (0.5, 140, 1.5, 2.0, 2.5, 3.0) centi-
meters and TEMPK = (250, 270, 290, 310, 330, 350) degrees Kelvin. 
For a specific coordinate of DD and TE·.IPK, the data arrays are 
l:inearly interpolated to obtain the function values. 
Function EQNB is the amplifier equivalent noise band\idth 
in Hertz. TI1e equivalent noise bandwidth is the band\\'idth associ-
ated with the equivalent noise bandwidth and gain squared product, 
• 
Detector 
dia., an 
0.5 
1.0 
1.5 
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TABLE 8 
REFERENCE AMPLIFIER EQUIVALENT NOISE BANIJ.VIDTI-I EQNB 
VERSUS DETECTOR DI.ArviETER DD AND 
TE~IPERATURE TB1PK 
Temp erg- EQNB, Detector Ternpe~a- EQNB, 
ture, K MHz dia., on ture, K MHz 
250 10.8 2.0 250 10.6 
270 10.8 270 10.5 
290 10.8 290 10.5 
310 10.8 310 10.4 
330 10.8 330 10.4 
350 10.8 350 10.4 
250 10.8 2.5 250 10.3 
270 10.8 270 10.2 
290 10.8 290 10.2 
310 10.8 310 10.1 
330 10.8 330 10.0 
350 10.8 350 9.94 
250 10.7 3.0 250 9.94 
270 10.7 270 9.83 
290 10.7 290 9. 72 
310 10.7 310 9.61 
330 10.6 330 9. 51 
350 10.6 350 9.40 
Detector 
dia, em 
0.5 
1.0 
1.5 
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TABLE 9 
REFERENCE MIPLIFIER LOV FREQUENCY PULSE GAIN PAl 
VERSUS DETECTOR DIMIETER DD AND 
TEMPERA 1URE TEMPK 
Terepera- PAl, Detector Temper5 ... PAl, volts 
ture, K volts per dia, em ture, K per ampere 
ampere 
250 17830 2.0 250 17830 
270 17800 270 17800 
290 17770 290 17770 
310 17740 310 17740 
330 17720 330 17720 
350 17690 350 17690 
250 17830 2.5 250 17830 
270 178QQ 270 17800 
290 17700 290 17700 
310 17740 310 17740 
330 17720 330 17720 
350 17690 350 17690 
250 17830 3.0 250 17830 
270 17800 270 17800 
290 17770 290 17770 
310 17740. 310 17740 
330 17720 330 17720 
350 17690 .350 17690 
' 
""'" 
• 
Detector 
dia., em 
0.5 
1.0 
1 .. 5 
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TABLE 10 
REFERENCE MIPLIFIER RELATIVE PLLSE RESPONSE PN 
VERSUS DETECfOR DIM·IETER DD AND 
TB1PERATURE TB1PK 
Tempers- Detector Tempera-
ture, K PN dia. , on ture, K PN 
250 0.4753 2.0 250 0.4669 
270 0.4753 270 0.4655 
290 0.4752 290 0.4641 
310 0.4751 310 0.4626 
330 0.4751 330 0.4610 
350 0. 4 750 350 0.4594 
250 0.4745 2.5 250 0 .. 4575 
270 0.4743 270 0.4550 
290 0.4741 290 0.4523 
310 0. 4 739 310 0.4496 
330 0.4737 330 0.4468 
350 0.4734 350 0.4440 
250 0.4722 3 .. 0 250 0.4438 
270 0.4716 270 0.4398 
290 0.4710 290 0.4357 
310 0.4703 310 0.4315 
330 0.4696 330 0.4274 
350 0.4689 350 0.4233 
• 
Detector 
dia., em 
0.5 
1.0 
1.5 
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TABLE 11 
REFERENCE .AJ1PLIFIER NOISE VOLTAGE OliTPLTf DUE 
TO PJ.IPLIFIER NOISE SOURCES, ·-vxiA, VERSUS 
DETECTOR DI.A1v!ETER DD AND 
TB-IPERA1URE Ta1PK 
Tempera- VXIA, Detector Tempers-- VXIA, 
ture, K micro- dia., em ture, K rrucro-
volts volts 
250 154.1 2.0 250 157.7 
270 155.8 270 159:6 
290 157.4 290 161.5 
310 159.0 310 163.3 
330 160.6 330 165.1 
350 162.2 350 166.8 
250 154.5 2.5 250 161.2 
270 156.2 270 163.3 
-290 157.9 290 165.3 
310 159.5 310 167.2 
330 161.1 330 169.1 
350 162.7 350 170.9 
250 155.6 3.0 250 166.1 
270 157 .. 3 270 168.3 
290 159.1 290 170.3 
310 160.8 310 172.3 
330 162 .. 5 330 174.3 
350 164.1 350 176.1 
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ENBGG~ mentioned previously. The values in Table 8 are multip-
6 lied by a factor of 10 after table look-up to convert to Hertz. 
PAl is a function representing. the amplifier maximun trans im-
pedance gain, in volts/ampere. This ftmction represents the gain 
applied to noise pulses generated in the detector. PAl is evaluated 
for a low frequency rectangular pulse of width 8 x PW, where PW is 
the laser pulse half amplitude width. ENBGG(l), as previously 
defined, is comprised of the product of PA12 x EQNB. 
The third function tabulated in AMPS is PN, the relative laser 
pulse response. The product PN x PAl gives the transimpeclance 
gain for a laser pulse of width PW = 17 nanoseconds. As shown m 
Table 10, PN is less than 1 because the amplifier attenuates some 
of the laser pulse response due to frequency roll-off. 
The final ftmction tabulated in M1PS is VXIA, the total ampli-
fier noise sources output voltage, in volts. VXIA is tabulated in 
microvolts , then scaled by .MIPS to volts after look-up from Table 
11. VXIA '"as evaluated by program SEEKER using the fonnulas 
presented earlier. 
PPDS uses these four functions to find seeker sensitivity. 
The ftmctions are used in the following computations: 
1. Signal to noise ratio is tabulated in subroutine PPDS 
versus EQNB. Linear interpolation is used to find the 
specific value required. 
2. The noise voltage outputs due to detector noise sources 
of bulk leakage current and background radiation current 
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use fmctions PAl and EQNB. 
3. The detector signal current, XSIG, required to produce 
the required signal to noise ratio at the amplifier out-
put uses the product of frmctions PN and PAl. 
4. TI1e total noise voltage, VINf, uses VXIA together with the 
results obtained in 2 above. 
XI. TilE OPTIJvJIZATION OBJECTIVE FUNCTION 
The primary objective ftmction selected for the seeker design 
was chosen to be: 
.Minimize U1 = 2 x SIZE+ 1.5 x SENS- S x FOV 
where: 
SIZE = The seeker optics cross section area, cm2 
SENS = The seeker sensitivity, nanowatts/cm2 
FOV = The SO% trans~ssion, half angle optics field of 
view, degrees 
This objective function uses the principle of multifactor opti-
mization. Rather than tailoring the design to one factor, the 
program \~ill try to optimize the three parameters of interest. 
~ful tifactor optimization can be done ,,·ith scaled variables, or \~lith 
equivalent utility functions for each variable. Although a utility 
express 1on for each of the parameters SIZE, SENS, and FOV ,\·auld 
be most appropriate for a specific laser seeker application, there 
was no such application about which to configure parameter utility. 
For this reason, the variable scaling approad1 '~as selected. 
The scaling factors 2, 1.5, and 5 in the above equation were 
chosen so that an equally desirable weighting would be applied to 
a cross section area of 25 cm2 , a sensitivity of 33 nai10Katts;cm2, 
and a field of view of 10 degrees. TI1ese yalues represent desir-
able goals for all three factors in a practical seeker design. 
• 
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SIZE and SENS are positive factors 1n u1 s1nce it is desirable to 
decrease them. Since FOV is to be maximized, it appears as a 
negative factor in u1 . Although the sensitivity of the program to 
variatia1s in the scaling factors was not investigated, this objec-
tive ftmction serves to deroonstrate the perfonnance that is to be 
expected from this type of fonnulation. As might be expected from 
a mul t if actor opt imiz at ion, several lens designs may result \'IThich 
swn to the same value for u1 , but vary the individual tenns. For 
example, the program may produce two designs, one with a small SIZE 
and small FOV, and one with a large SIZE and FOV, both designs 
being apparently equal in terms of the overall value for u1 because 
the tenrs cancel out each other. This effect 1.vas one of the 
reasons for selecting a multifactor objective function. 
T\vo additional objective ftmctions \vere attempted using single 
factor optimization. The rational behmd ead1 of the objective 
functions can be e~lJlained by the following questions: 
1. 1\hat 1s the maxinn.nn seeker sensitivity that can be 
obtained subject to constraints of a minimum field of 
view and a maximum primary lens diameter? 
2. What is the smallest primary lens diameter that can be 
designed to give a specified minimtn11 field of view and 
a maximum sensitivity? 
The specifics of the first alternative objective function 
are as follows; 
~!inimiz e u2 == SENS 
• 
Swject to: 
FOV ~ 5. 0 
DEFF~ 5. 0 
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The second alternative objective function is defined by: 
~tinirnize u3 = DEFF 
Subject to: 
FOV ~ 8. 0 
SFNS $ 50.0 
The construction of the optimization program allows all .three 
objective ftmctions to be included in subroutine UREAL. An input 
switching variable, I~VU, is read by ~~IN to select the objective 
function of interest. The necessary variation in constraints is 
handled by user input of variables FOWIIN, SNSMAX, and ~fAX, the 
constraints for field of view, sensitivity, and primary lens 
diameter. TEMPK is also an input variable so that temperature 
effects can be handled. The starting point for the independent 
variables, and the total number of allowed iterations of the design, 
complete the program user input. 
• 
XII. RESULTS OF THE OPTIMIZATION PROGRAM 
Results Using Objective FW1Ction ul 
Table 12 lists the results obtained using objective flmction 
ul for two different temperatures' TEMPK = 300 °K and 350 °K. 
Figures 32 and 33 are full scale representations of the 300°K 
results of Table 12, while Figure 34 shows the results for 3S0°K. 
Note from these figures that all the seeker designs are very sim-
ilar in con~truction, with the preamplifier and detector case 
protruding from the primary lens. 
All seeker designs using ul tend toward the mininn.nn allowable 
optical f nurrber, FNO ;::: 0. 8. ~linimiz ing the f ntm1ber tends to 
maximize the field of view and rrdnirnize the cross section area, so 
two of the three parameters that make up ul are improved. Only n.m 
number 5 failed to drive FNO to exactly 0.8; inspection of the cal-
culations in that run revealed that improvements in SENS were 
slightly more significant to u1 than improvements in FOV and SIZE 
conbined during final calculations. 
The same value for u1 \vas achieved by all six nms within 
~ 1%; the two runs at elevated temperature did not significantly 
change the seeker design. Rtm to nm variations appear to be more 
significant than the differences beu~een the two temperatures. The 
improved sensitivity that might be expected by the better detector 
responsivity at 3S0°K was not evident in the limited number of runs 
• 
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that \-v·ere attempted. 
The variations in the individual parameters for the nms were 
greater than the variations in the total objective function. SIZE, 
SENS, and FOV vaD~ 13%, 28%, and 13% respectively over their rrdnimum 
values for the six nms. Ynis indicates that multifactor optimi-
zation will result in variations in the individual components of the 
objective function while achieving a uniform total, as predicted. 
Although the parameters vary, only one of the six physical designs 
appears evidently different from the rest. The design sho,,rn in 
Figure 33 for Run number 4 has the largest detector and smallest 
primary lens diameter of all the designs developed~ 
The program execution times, using a previously compiled 
program, averaged 22 optindzation cycles per run time rranute. 
Reading in the program on cards and compiling the rrogram took 8 
minutes. These nms were done on an Interdata computer. 
The rnultifactor optimization appears to favor maximization of 
the field of view over the other bvo parameters,possibly due to 
its greater scaling factor. The preamplifier and detector case 
diameter is increased beyond its minimum value of 3.30 em in order 
to install a larger detector and increase the field of vi~v. If 
the additional field of view above the 10 degree value selected 
for the utility comparison to SIZE and SENS is not useful in a 
practical seeker,then a true field of view utility ftmction could 
be created which does not discount increases above ten degrees as 
much_ as increases below ten degrees. Generating such utility 
• 
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functions for the three parameters would be important m the design 
of a practical laser seeker. 
Results For Objective Function u2 
Table 12 shows the results of the optimization program using 
objective function u2. Figure 35 illustrates the full scale seek-
ers designed using u2. Note in Table 12 that the constraints for 
DEFF and FOV are both met by designing the seeker to the lirni ts 
allowed by these consta:ints. Design:ing to these limits increases 
the seeker sensitivity by increasing aperture and decreasing radiant 
background noise respectively. 
The sensitivity of the final designs for the two runs did not 
exactly agree. This is partly due to the fmeness of the steps in 
the last iteration cycle of the direct search. Variations in u2 
greather than ~ 5% \vere noted in the nms during these final it-
erations. Violations of the field of view constraint also elimi-
nated possible improvements in u2 in the last iterations. 
Results For Objective Function u3 
Objective ftmction u3 demonstrates lvhat can happen if an 
objective function is not properly configured in relation to the 
search algorithm. The detail parameters shown in Table 12 and 
illustrated in Figure 36 indicate that the maximum allO\~ed sen-
sitivity constraint SENS~ 50 is utilized, but the minimwn field 
of view constraint FOV~ 8.0 is not fully utilized. Reduction in 
lens diameter DEFF results in an increase in SENS, and also in 
FOV. A properly configured objective function would be able to 
• 
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reduce DEFF, and then reduce DD on the next search cycle , so that 
both the minimum FOV and maximum SENS constraints would be utilized. 
TI1is would result in rnrrnimum U3 = DEFF. 
Unfortunately u3 does not incorporate·a factor which will 
cause the detector diameter, and therefore the field of vi~~, to 
be minimized along with DEFF. In all direct search cycles, DD was 
never improved by u3 as a change in nn cannot result in a ~~ange 
ill DEFF at the same time. The difference in the detector diameters 
ill the two nms using u3 is due to differing improved points found 
by the random search cycle. 
In an attempt to correct the error in u3 , a new objective 
function was developed: 
Minimize U 4 = DEFF + DD 
u4 is subject to the same constraints as u3 . It was anticipated 
that this objective function would work as outlined above on alter-
nating direct search cycles, first minimizing DEFF and then reducing 
DD, so that the best DEFF overall is achieved. 
Results For Objective Function u4 
u4 results are shown in Table 12 and Figures 37 and 38. The 
value achieved for DEFF with this objective ftmction is an improve-
ment over the runs that used u3 , as desired. Detail exrunination of 
the direct search cycle of u4 revealed that DEFF is first reduced 
mtil the maximum allowed sensitivity is reached, then DD is 
decreased, reducing the case diameter and field of view. The next 
direct search cycle reduced DEFF again, taking advantage of the 
• 
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increased aperture that results from the smaller case s1ze. After 
the case diameter was reduced to its nrinirrum value of 3. 30 em, 
further decrease in DD caused field of view reductions. These 
reductions also improved sensitivity, so that the lens diameter 
DEFF could again be reduced. The resulting DEFF for the three nms 
is very nearly the same value~ an indication of optimality, and is 
improved over the values achieved by u3 • 
• 
XI I I. AREAS FOR FURIHER STUDY 
The computer program developed in this report represents the 
first step towards a successful technique for designing a laser 
seeker. Several areas require further consideration in order to 
make the program more useful. These areas for further study can 
be grouped into the following categories: 
1. Validation of the seeker model by comparison to otheT 
models or hardware test results. 
2. The use of alternate or additional modelmg tedmiques 
to improve the basic seeker model. 
3. Additions or modifications to the optimization part of 
the computer program. 
In addition, some investigation into other applications for the 
entire model, or portions of the model, might be \vorthwhile. 
Validation of the Seeker :Model 
Only a limited amotmt of test data were available, so that 
it was not possible to validate the model. However, several 
laser seekers have been constructed that contain components like 
those used in the oodel, so that validatioo might be possible if 
test data on these seekers could be obtained. By usmg the spec1-
fic parameters and perfonnance test data available on these 
seekers , a comparison of model perfonnance to actual seeker per-
formance would serve to locate possible errors in the model 
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equations. Correction of these errors mdght be difficult, however; 
the seeker is a complex mechanism and it may not be obvious that a 
specific con~onent is the source of the discrepancies benveen 
seeker perfonnance and the rrodel. 
The quadrant detector is one component that should be rela-
tively straightforward to validate. The parameters that characterize 
the performance of the detector in the program are typically neas-
ured in acceptance testing of these devices, and therefore it is 
likely that test results are available for use in model validation. 
Further study is suggested in improving the modeling of some of the 
physical properties of the detector_ Some references that discuss 
these properties include Grove (1967), Sze (1969), Prior (1959), 
and Senhouse (1966). 
There have been several computer programs developed for rrDdel-
mg an electric circuit. The characteristics of the preamplifier 
model as predicted by SEEKER could be checked against one of these 
programs that does more detailed c~rcuit modeling. and analysis. A 
test circuit could also be fabricated, and using a simulated or 
actual detector input, th.e response of the seeker model could be 
checked versus temperature and detector variations. It lvould be 
advisable to verify that the laser pulse is transfonned into a 
current pulse \vith a long tail by the detector; the current versus 
time wavefonn derived from the detector pulse response calculations 
could be used as an input to SEEKER to see wh_ether amplifier 
response is affected. By putting a detector at a test circuit 
•. 
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input, no1se effects and pulse detector performance could be checked, 
validating the threshold setting and signal to noise ratio compu-
tations. 
The optical perfonnance of a laser seeker could be tested to 
validate the optical design parts of the model. Focal length, back 
focal length, off-axis transmission and aperture perfonnance could 
be measured and compared to the model calculations. As an alter-
n at i ve, the identical model could be constructed using an optical 
design program such as ACCOS V and comparisons of perfonnance be-
tween this more detailed program and the seeker model could be 
used for model validation. Other techniques for setting focal 
length rnaght be found by researching articles on optical design. 
Locating more detailed information about the performance of 
the laser light source is necessary if accurate detector pulse 
response is to be validated. If a knO\vn laser pulse source was 
used loJith a detector, and the output current wavefonn could be dis-
played on an oscilloscope, then the pulse response versus time loJave-
form could be validated for the detector. Pulse to pulse amplitude 
variations in the laser output could be measured and factored into 
the signal to noise ratio calculations if they \vere significant. 
Use of Alternative or Additional l\lodeling Tedmiques 
Extensions to the program that add more versatility in the 
optical design include adding capability for handling mirror sur-
faces or aspheric surfaces. Nussbaum and Phillips (1976) discuss 
how both these capabilities could be included in ASKEw·. The addi-
• 
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tion of rnrrrror surface capability would allow the program to be able 
to optimize reflective design laser seekers such as shown in Figure 
39. Aspheric surface capability adds the ability to correct aber-
rations in the seeker optics. 'This capability might 1rnprove off 
~xis aperture calculations, and allows more detailed optical per-
fonnance criteria to be included .in the model. Addmg mirror sur-
face capability is unlikely to have much of an impact on either 
Jll)del complexity or nm time, but aspheric surfaces increase both 
these factors and care needs to be taken if this capability is 
added, so that the model does not become overly complicated and 
costly. 
Further study into the grid teclmique used for optical ray 
tracing could have benefits. A rectangular grid was selected since 
the rodeling of this grid was simple; however, this guarantees that 
at least 20.% of all rays traced are useless since they fall beyond 
the primary lens outside radius as sho\\n in Figure 40. The effects 
of grid spacing on computation time and accuracy were only briefly 
studied. It is possible that a different grid net,,·ork could be 
devised that is both more accurate and more computationally effi-
cient than the one used in the model. 
The nt.mher of surfaces used in the optical schematic may be 
more than necessary, adding computation time. Rays that are ob--
structed on surface 3 of Figure 18 are also obstructed by surface 
4, so surface 3 is probably not useful. In the sd1ematic sho'vn 
in Figure 18 and in all the designs generated by the program as 
113 
shown rn Figures 32 through 38, it is tmlikely that there were any 
rays obstructed by the primary lens second surface field stop 
(surface 6 of Figure 18). Elimination of this surface when not 
required for ray tracing could improve computation time. 
Examination of the locations on the primary lens that typically 
allo.v light rays to be passed at off axis angles may be useful. If 
the light rays that reach the detector at incidence angle ANGEST 
consistently come from certain sectors of the ray field as projected 
on the primary lens, then only those ray field sectors need to be 
traced at J\i\;GEST. Computation time improvements might be pass ible 
by eliminating traces of light rays that are destined to be ob ... 
structed somewhere in the optical design. 
The single component of the seeker that was not modeled in 
detail is the optical filter. Design programs probably exist to 
predict the perfonnance for these filters because such programs 
\vould be necessary in order to fabricate a filter. If a filter 
design program could be located that is computationally efficient, 
filter perfonnance could then be added to the seeker model as 
either fixed parameters or independent variables. 
Study of the sensitivity of seeker perfonnance to several of 
the fixed optical design parameters is worthwhile. Available lens 
materials w;ith different refractive indices could be run in the 
model and their effects noted. Variations in the constant used 
to compute the secondary lens radius R3 might demonstrate a better 
method for designing that surface. Ray heights other than the one 
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selected to set the pr1mary lens focal length could be tried to 
see the effects of other focal positions. 
A set of n.ms with varymg solar irradiance, backgrormd reflec-
tance, and temperature could be used to detennine the impact on 
seeker performance under these operating environment differences. 
If a set of these conditions is perceived to represent a "worst 
case" environment, then it may be advisable to use that environment 
set in actual seeker design optimization. Alternately, it may be 
discovered that environmental effects are nunor, as evidenced by 
the two high temperature runs already done using objective ftmction 
u1 , and therefore environment effects need no longer be considered 
m laser seeker optimization. 
Including in the program a plotting routine that drmvs the 
final seeker design on a graphics plotter \vould be useful. Certain 
design Characteristics are readily visible from inspection of a 
drawing of the seeker, such as the fact that the preamplifier case 
diameter is out of proportion to the detector size in the seekers 
shown in Figure 35. The time saved over manually dra\'{IDg these 
pictures 1s worthwhile even if only a very limited number of runs 
are made. 
Additions or MOdifications to the Optimization 
Port1on of the Program 
Only a mininn.un set of independent variables were selected for 
development of the program. There are other areas of the seeker 
that could be optimized, either as an independent component or in 
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corrhina.tion with the total seeker, if added computation time 1s not 
of concern. Some are~ for additional optimization include the 
detector, the preamplif~er, and the optical filter. 
The detector design parameters W and V could be varied to 
improve detector perforwance. For example, pulse responsivity to 
the specified laser pulse input could be maximized with a "detector 
only" optimization study. Altemately, generating detector per-
fonnance versus W and V and storing this perfonnance in tables in 
the seeker model l~ould allow optimization of the detector in the 
seeker. Computation time would only be impacted by the increase 
in the ntnrber of independent variables from 4 to 6, and the 
addition of several design constraints for the detector. 
The preamplifier design contains a significant number of 
individual circuit elements, and therefore should probably not be 
added to the seeker model as independent variables because of the 
increases in computation time. The preamplifier might be opti-
mized as a component before adding it to the laser seeker model. 
The number of independent variables in such an optimization might 
be minimized by recognizing that some of the capacitance tenns are 
parasitic, and probably some of the circuit elements are not major 
contributors to the amplifier perfonnance. 
The addition of the optical filter bandwidth, BO, to the model 
as an independent variable would be useful if a filter design 
program can be located or developed~ Since filter tr~1srrcission 
perfonnance is specified when the optical banch\·idth is specified, 
• 
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a table of filter performance versus bandwidth could be added to 
the model \vithout greatly impacting computation time. 
The optimization routine itself can be changed by selection of 
one of the other computer programs detailed by Siddall (1972). 
SEEK3, which is already included in ' the program listmg, can be 
used to see if an altemate artificial objective function fonnu.:.-
lation will improve the program results. Other available optimi-
zation programs include a totally random search, a simplex search, 
a gradient method, and a linear programrrring approximation method. 
Ho\tJever, it was pointed out in Siddall (1972) that all these pro-
grams are potentially longer in execution time than SEEKl. 
The development of a suitable objective function and per-
formance parameter constraints is key to the successful design of 
a practical seeker. Studies of the mdssion objectives for the 
seeker typically result in a set of minimtun perfonnance criteria 
for the design. These criteria could be specified in te~ of 
constraints for the seeker, or utility functions that strongly 
favor performance in excess of these requirements could be generated. 
The generality of the model should pennit it to be useful in 
designing seekers to satisfy a range of requirements, as evidenced 
by the different designs created by objective functions u1 thxough 
u4. 
Other Applications for the Program 
Although the program is specifically tailored to design a type 
of laser seeker, it may be possible to e:>..'tend or modify parts of 
• 
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the program so that other applications can be considered. TI1e most 
obvious application that could benefit from this program is a 
different type of laser seeker, such as the reflective prllllary 
design shown in Figure 39. As discussed earlier, this seeker could 
be handled by adding mirror surface capability to subroutines ASKEW 
and DLENS. DLENS could be modified to create an optical schematic 
of the design shown in Figure 39, It may then be possible to esta-
blish \~hich type of laser seeker design has the better performance 
for a given set of requirements. Alternate seekers, such as 
infrared seekers that operate using a different sensing principle~ 
could benefit from portions of the program. However, since the 
detector and amplifier designs for these seekers are significantly 
different from laser seekers, only the optical desi~1 portion of 
the program JOOdel would be directly applicable. 
Since the laser seeker is basically an optical energy collector, 
other energy collecting designs could also be studied. An example 
of an energy collector is a solar power device. Narro'v field of 
\piew collectors \~hich track the SliD might be compared in perfonnance 
to \~ide field of view, fixed mounted, collectors. Another example 
of an energy collector 1s a miniature phototransister, such as used 
1n card readers and fiber optic communications. P-I-N photodiodes 
are sometimes used as sensors in these applications; much of the 
model could be applied to such designs. 
The inverse of an energy collector is an ener~' source. If 
the detector and preamplifier were replaced by a light source and 
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po\ver supply, the optical system would provide a beam of light 
emitted from the primary lens. Such a system could be useful in 
the design of a searo'"llight. The light emitting diode light source 
that transmits the energy collected by the phototransistor or 
photodiode mentioned in the preceding paragraph could also be 
designed. 
XIV. SUMMARY 
The objectives of this research were fulfilled. A computer 
program of a mathematical model of the laser seeker was foi111Ulated, 
with detail represent at ion of all critical design components. A 
set of independent variables Rl, R2, TL, and DD ,...,ere selected that 
are sufficient to characterize the design when coupled with a set 
of fixed design parameters. A computationally rapid optimization 
routine was selected that configured seeker designs by minimizing 
the objective functions and meeting the required constraints. 
A set of objective ftmctions \~as selected to assess the ability 
of the program to configure laser seekers to differing requirements. 
It was demonstrated that proper .use of constraints together with 
the objective function will produce seeker designs meeting these 
requirements, and it was demonstrated that an improperly selected 
objective function such as u3 can cause difficulties in seeker 
optimization. 
A number of improvements to both the rodel and the optimization 
rout.ine were outlined. Extensions of the program to other tedmo-
logies may be possible. Alternative optimization routines that 
are a part of the family presented by Siddall (1972) could be 
i.11vestigated to ascertain \'lhether the optimization results could 
be improved. 
• 
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The laser seeker model and optimization routine can be used 
to formulate a practical seeker design. By considering all design 
factors simultaneously, the solutions obtained by this model should 
be an improvement over the current process of seeker design. 
Incident light 
ray 
Preamplifie 
Detector 
Optical 
filter 
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Mirror 
Secondary 1 ens 
Primary lens 
Fig. 1. Optical configuration of a refractive pr~naD' laser 
seeker 
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DD 
~R2 
Fig. 3. The laser seeker is modeled from the four independent 
variables illustrated auove 
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MAIN 
ANSWER SEEKl 
i 
r 
l 
SEARCH SHOT 
,..----.... ' 1 __ _ 
1 
I 
l 
OPT IMl 
'G! I Q I 
UREAL CONST EQUAL 
l 
DLENS 
~--------------~1 I I l 
T 
I 
ASKEW FA PER PPDS STRF 
.A.f~PS 
Fig. 6. Relationships between subroutines and function subprogrdms 
that make up the computer model 
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B C 
,~\\ \ 
~~\ ,, ~ 
\ ,\ \ \ \ 
\ 
D 
Section A-A 
Case 
Active area 
Quadrant 
separation 
zone 
Fig. 7. Illustration of typical detector constn1ction. The 
active area is divided into four quadrants. 
• 
Optical image 
of target 1 
128 
,.,.,.--,- ...... 
/ '"'"' 
/ I ' 
/ I ', 
\ Ground ~a seen by ~ th~· seeker 
\ field of view 
\ 
------, 
Seeker detector 
Fig. 8. Targets at different positions in the field of view 
produce images on the detector at locations ~orresponding 
to their positions. 
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Ji ~ ~ ~ ~ ~ A_ 
1 
-PRF 
Fig. 9a. Laser pulses will occur at precise time mtenrals 1/PRF. 
Fig. 9b. After detecting the first laser pulse, the acqu1s1t1on 
logic looks for subsequent pulses only within time 
,,riJldows of width GW spaced 1/PRF apart. No laser pulses 
are missed. 
Fig. 9c. Noise pulses that exceed threshold occur at random 
intervals. 
Fig. 9d. 
Fig. 9. 
_j L 
The time windows eliminate many noise pulses from consider-
ation. The probability of NPC consecutive noise pulses is 
minimized. 
Description of the acquisition logic 
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-RZ 
/ 
/ 
DEFF 
t 
cc 
Fig. 13. Geometrical relationships of parameters used to 
calculate the primary lens diameter DEFF 
• 
~----F 
3 
134 
Fig. 14. Spherical aberration in the primary lens produces 
different values for focal length F and back focal 
length BFL depending on incident ray height 1, 2, 3. 
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Examples of differing optical desigDs that can be 
configured by DLENS depending on relative design 
element sizes 
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Aperture loss due to 
light rays missing the 
detector surface 
APERO 
-B 
139 
0 
Aperture loss due -----
to primary lens 
shadowing 
Ray trace 
aperture 
(on2) 
t 
A B 
Off-~xis incidence angle (degrees) 
Fig. 19. A representation of ray trace aperture versus off-axis 
iilcidence angle. The curve is synunetrical about 0 
degrees. 
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-Bo I 2 X FOV t-
I 
I 
I 
I 
I 
I 
I 
B.A,PER (_A.LJHA) 
•I 
I 
I 
I 
I 
I 
I 
I 
T 
EBA 
I 
I 
I ,. 
Fig. 22. The equivalent background aperture is represented 
by a cyl:inder of height EBA and diameter 2 x FOV, 
the volwne of which is equal to th.e volllllle obtained 
by mtergrat:ing BAPER(.ALPHA) for all ALPHA ~ ± B0 
conical. · 
• 
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2 Ray trace aperture, em 
3 
Mv1=20 
Design data: 
R1 r= 7.33 
R2 r= --so. 
TL = 2.83 
DD = 3.0 
ULENS = 1. 57 
ULFNS2 = 1.57 
CASED = 3.3 
eASEL = 3 . 4 
~EUP = 1. 7 
0 ~--~----~--~----~--~--~~--~~~--~ 
0 2 4 6 8 10 12 16 18 20 
Off-axis incidence angle, degrees 
Fig, 23, There is little difference in the results of ray 
traces using grid paTameter :tvl\1 = 9 vs. :f\M = 20 
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0 
.X 
0 00 
0 
0 0 0 
0 
0 0 0 
0 
0 
0 
0 
0 0 0 ~ 0 0 0 
• 
XBAR 0 0 0 0 
- 0 0 -
0 
0 0 0 
0 0 
Detector 0 0 
quadrant 
centerline 0 
0 0 
0 
0 0 
Racllal spot size r= RBAR + SDR 
Fig. 24. Illustration of the statistics used to estimate the 
optical spot size. The small circles are ray inter-
cepts on the detector. :Most rays fall in the right 
half plane wh.ere they originated; aberrations in the 
primary and secondary lenses cause ·:intercepts :in the 
left half plane. 
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APERO 
APERG 
Ray trace 
aperture, 
cm2 
AP2 
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FAPER(ALPHA) 
---------------- -~-- ---
0 ANGGEO .ANGEST 
ALPHA, off-axis incidence angle, degrees 
Fig. 25. Tne ray trace aperture versus incidence angle curve 1 
FAPER(.AIJ>HA) ~ is generated by two straight lines 
drawn through three coordinates as illustrated above. 
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EFSAlALPHA) 
I 
I 
I I 
I I 
I I 
I I 
I I 
I I 
l I 
ANGEST FOV 
1 degree 
~~ Deviation 
'\) 
____.#' ', 
' 
ALPHA, off-axis incidence angle, degrees 
Fig. 26. The half cone a11gle field of viav, FOV, is detennined 
by an interative procedure. The first estimate of 
FOV is ANGEST. If EFSA(ALPHA) is not close to FOV, 
subroutine DLS~S increments or decrements the estimate 
by 1 degree, continuing tn1til FOV is bracketed by two 
successive estimates (1 and 2 above). EFSA(ALPHA) 
deviates from a straight line at large ALPHA due to 
filter transmission losses. 
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BAPER(ALPHA), cm2 w = 20 ! ____ ! . . 45 ._--. ._. ....... ---- ~--
40 
35 
30 
25 
20 
15 
10 
5 
~9 
~sign data: 
R1 = 7.33 
R2 = -50. 
TL=2.83 
DD = 2.0 
UIENS = 1.57 
UIENS2 = 1. 57 
'IRF = 0.78 
TRL = 0.80 
CASEL = 3.40 
CASED = 3.30 
CASEUP = 1. 7 
DELANG = 0. 5 
1 2 3 4 5 6 7 8 9 10 11 
ALPHA, off-axis incidence angle, degrees 
Program calculated values (percentage error compared to 
~~·I = 20) 
TSA = 46.65 (-0.9%) FOV = 8.68 (1.9%) EBA = 47 . 63 (2 . 1%) 
Fig. 27 . Comparison between the calculations of TSA, FOV, and 
EBA using 6 ray traces with 800 grid points (~ = 20) 
and the more efficient rodeling teclmique of 2 ray 
traces with 162 grid points (1'-t.i =9) 
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Incident 
photms 
-~ 
-~ 
- -'lJ\,.. 
J>·tn>e 
layer 
148 
Intrinsic layer 
1 
2 
w 
v . --------------------~ 
Electric field E = V/W 
Fig. 28, Illustration of P;l-N photodiode operation. Incident 
photms pass through the thin P-type layer, to be ab-
sorbed in the Intrinsic layer creating electron - hole 
pairs (2 above). Photons can be reflected off the 
N-type layer and absorbed on the second pass through. 
the Intrinsic layer (1 above), 
• 
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1.0 
Laser pulse power 
wavefonn 
Amplitude 
Detector current 
response waveform 
o. 
p 
amp 
PW 
Time 
Fig. 29. Illustration of parameters used in detector pulse 
response evaluation. The laser pulse is a sine 
squared lvavefonn of half amplitude 'vidth PW. TI1e 
laser pulse is divided into a series of smaller 
pulses of lvidth DELTAT and amplitude Pamp. 
The detector response lags the laser pulse due to the 
electron and hole transit times. The current response 
tail is due to the long hole transit times. 
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~l Run No, 1 
Fig. 32. Full scale representation of seekers designed 
by u1. See Table 12 for design parameters 
------+---
u1 Run 
No.4 
153 
Fig. 33, Full scale representation of seekers designed by 
u1. See Table 12 foT design parameters 
154 
u1 Run No . 5 
u1 Run No.6 
Fig. 34. Full scale representation of seekers designed by u1 
at TBIPK = 350°K. See Table 12 for design parameters 
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u2 Run No. 1 
u2 Run No. 2 
Fig, 35. Full scale representation of seekers designed by 
u2. See Table 12 for design parameters 
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U3 Run No. 2 
Fig. 36. Full scale representation of seekers designed by 
u3. See Table 12 for design parameters 
157 
Fig. 37. Full scale representatj:on of seekers designed by .u4 ~ See TaBle 12 for design parameters 
158 
Fig. 38. Full scale representation of a seeker designed 
by U 4. See Table 12 for design. paTalileters 
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DEFF 
S~rfaces that obstruct 
light rays 
Fig. 40. The rectangular light ray grid teclmique used in ray 
tracing loses over 20 percent of all incident rays 
due to area differences between the primary lens 
aperture and the rectangle, and also due to the pre-
amplifier case diameter, CASE 
APPENDIX A 
DEFINITION OF MODEL VARIABLES 
162 
Variable Definition 
A(I,J) Data array of amplifier equivalent noise bandwidth, 
!'t~gahertz 
AA Full cone angle field of view, degrees 
AGL Incidence angle at which a ray trace is computed, 
degrees 
AGLR 
AL(LK) 
ALPHA 
Ai'JGEST 
AL~GGEO 
APERG 
APERO 
AP2 
ARA 
B(I,J) 
BAPER 
BFL 
BO 
c 
C(I) 
AGL expressed in radians 
Back focal length for light ray LK, em 
Detector absorption coefficient, 1/centineters 
Angle used in optical performance calculations, 
degrees 
Estimated SO% ray trace aperture half cone angle, 
degrees 
Half cone angle at which the optical spot begins to 
fall off the detector active surface, degrees 
2 Geometrical aperture at .ANGGEO degrees, em 
On . 2 aXIs ray trace aperture, an 
2 Ray trace aperture at ANGEST degrees, em 
Area of one detector quadrant, an 2 
Data array of amplifier square pulse gam, 
volts/ampere 
2 Backgrotmd aperture of the optics, em 
Prjmary lens back focal length, em 
Bandwidth of the optical filter, 320 angstroms 
Speed of light, 2.9979 x 108 meters/second 
Curvature of lens surface I 
Variable 
C(I,J) 
ex 
Cl 
cz 
Cl 
C2 
C3 
CAl (I) 
CAO(I) 
CASE 
CASED 
eASEL 
CASEUP 
D( I ,J) 
OCR 
DD 
DEFF 
DE LANG 
DEL TAT 
DE LTV 
DETCAP 
Th1A.X 
163 
Definition 
Data array of amplifier relative pulse response 
Direction cos:ine of light ray to X axis 
Direction cos:ine of light ray to Y axis 
Direction cos :i.ne of light ray to Z axis 
Detector quadrant capacitance, farads 
Preamplifier feedback capacitance, 0.5 x l0-12 farads 
P l .f. . -12 reamp 1 1er output capacitance, 2.0 x 10 farads 
Clear aperture inner radius for surface I, em 
Clear aperture outer radius for surface I, an 
Computed preamplifier/detector case diameter, em 
Preamplifier case diameter, 3.30 em 
Preamplifier and detector case length, 3. 40 em 
Case diameter increase needed to add to detector 
diameter, 1. 7 em 
Data array of amplifier noise, microvolts 
Detector de respansivity, amperes/watt 
Detect or active area diameter, an 
Primary lens dia.ITCter, em 
Angle increment used to compute EBA, 0.5 degrees 
Tire increment used to compute PR, 0. OS nanoseconds 
Incremental volume used to compute EBA 
Detector quadrant capacitance, picofarads 
Ma.ximum allowed primacy lens diameter, em 
Variable 
e 
EBA 
EGAP 
EGO 
ENBGG(I) 
EQ\13 
ETA 
F 
F 
FAPER(A\JG) 
FAT 
FF(LK) 
FFNO(LK) 
FOV 
FOW.ITN 
FOVR 
fNO 
G 
h 
164 
Definition 
Electron charge, 1.6021917 x l0-19 coulombs 
Equivalent background aperture, cm2 
Silicon energy gap at TEMPK, electron volts 
Silicon energy gap at 0 degrees Kelvin, 1.16 electron 
volts 
Equivalent noise bandwidth gain squared product asso- · 
ciated with the Ith noise source 
Amplifier equivalent noise bandwidth, Hertz 
Detector quantl..DTl efficiency, electrons/incident 
photon 
Fraction of independent variable range used in 
initial direct search step size, 0.01 
Primary lens focal length, em 
Ray trace aperture at incidence angle .ANG, 2 em 
?vean tine between false acquisitions, 3600 seconds 
Focal length associated with ray LK, em 
Optical £-number associated with ray LK 
Seeker half angle conical field of view, degrees 
Mininrum allowed field of view, degrees 
Conversion of FOV to radians 
Primary lens optical £-number 
Sets independent variable step size, 0.02 
-6 
Acquisition logic gate width, 100 x 10 seconds 
-34 Planck's constant, 6.6256 x 10 watt seconds 
Variable 
HL 
I 
e 
IDD 
I FLAG 
I FLAG 
IPRI~ 
ISIS1V 
ISWU 
ITBIPK 
K 
KOlNf 
l.J\1\ffiDA 
MISS 
MISTOT 
165 
Definition 
Solar background irradiance, 0.05 watts/m2/angstrom 
Preamplifier emitter current, 0.00075 amperes 
Integer representation of a specific value of DD 
Indicator of the four data arrays in AMPS 
Indicator of the type of light ray failure in ASKEW 
The nl.lllher of direct search cycles between prints , 1 
Switching variable in DLENS for selecting diagnostic 
printouts in each design cycle 
User input switch to select one of four objective 
fmctions ul to u4 
Integer representation of a specific value for TEHPK 
Boltzmann's constant, 1. 3806 x 1023 j oules/°K 
Current optimization cycle number 
Maximum allowed number of optimization cycles 
Laser operating optical wavelength, 1.064 x 10-6 m 
Selects surface upon which to stop the ray trace, 8 
~faximum nl..lllber of allO\ved direct search cycles , 300 
Switch indicating light ray fails (1) or passes (D) 
an optical surface 
The total nwrber Qf rays that fail during a ray trace 
Sets NUMB, 9 
Electron mobility 1n the detector intrinsic layer, 
em x em/volt x seconds 
Hole mobility in the detector intrinsic layer, em x 
em/volt x seconds 
166 
Variable Definition 
N The number of design independent variables, 4 
N The nurrber of optical surfaces in .ASKEW and DLENS, 8 
Nffi\\J The number of detector quadrants summed together into 
a pulse detector, 2 
NCO~S The number of inequality constraints, 13 
NEQUS The number of equality constraints, 0 
NP The number of noise pulses received by the acquisitiqn 
logic 
t\TP.r'\SS The number of rays that pass durJ.:ng a ray trace 
NPC The nwnber of consecutive pulses required for 
acquisition, 5 
NPD The nurrber of independent pulse detectors in the 
seeker, 4 
NSJ\ Nl..llTher of standard deviations associated with 
probability PROBll) 
NSHOT TI1e number of random seardh patterns permitted, 2 
NTEST The nurriJer of test points in a single random search. 
pattern, 100 
NL~lli The number of light rays to be traced, 162 
~IEGA Solid angle representation of the total conical field 
of view, steradians 
PAl Amplifier square pulse gain, volts/ampere 
PDB Radiant background power d~nsity incident upon one 
detector quadrant, watts/m 
2 
PDS Seeker sensitivity, watts/m. 
H-II (I) The Ith design inequality (. GE,) constraint 
167 
Variable Definition 
PN Amplifier relative pulse response 
PPS The nurrber of noise pulses exceeding threshold per 
second 
PR 
PRDATA 
PRF 
PROBN 
PROB(l) 
PROB(2) 
R 
Rl 
Rl 
R2 
R2 
R3 
R3 
R4 
RB 
RBAR 
RMAX(I) 
RMIN(I) 
Detector pulse responsivity, amperes/watt 
Data array of detector pulse responsivity versus 
~WK, amperes/watt 
The laser pulse repetition frequency, pulses per 
second 
The target acquisition probability 
The individual target pulse detection probability 
The probability associated with false target rejec-
tion 
Acquisition range, meters 
Primary lens first surface radius, em 
Detector bias resistor, 10,000 ohms 
Primary lens second surface radius , on 
Amplifier dynamic input resistance, ohrrs 
Secondary lens first surface radius, an 
Amplifier feedback resistance, 20,000 ohms 
Amplifier output resistance, 5,000 ohms 
Terrain backgrotmd reflectance, 0. 35 
Mean radius measured from XBAR of all light ray inter-
cepts with the detector surface, em 
Ma:xirm..nn allowed value for the Ith independent variable 
~lininum allowed value for the Ith independent variable 
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Variable Definition 
RS Radius of a light ray intercept with an optical 
surface, em 
Rrar Total of all radius values of ray intercepts with the 
detector surface as measured from XBAR, em 
SAG2 Distance along the optical axis between the primary 
SBK 
SDR 
SE~S 
SNR 
SNS~tt\X 
SPACE 
sss 
SfRF(ANG) 
T 
e 
T h 
lens second vertex and the intersection of the primary 
lens second surface with CASE, an 
-5 0 Boltzmann's constant, 8.618 x 10 eVI K 
Standard deviation of the radius of light ray inter-
cepts on the detector plane as reasured from XBAR, em 
k . . . I 2 See er sens1t1v1ty, nanowatts em 
2 Seeker cross section area, em 
Signal to noise ratio 
2 f\ta..ximt.nn all(J.V'ed sensitivity, nanowatts/cm 
The distance between adjacent light rays in the 
optical ray trace grid, em 
. . I 2 Seeker sens1v1ty, nanowatts em 
Optical filter transmission at off axis incidence 
angle .ANG, percent 
Electron transit time m the detector intrinsic layer, 
nanoseconds 
Hole transit time m the detector intrinsic layer, 
nanoseconds 
Vari~ble 
T(I) 
TEDGE 
Th\fPK 
TL 
TNR 
TRL 
TS.A 
u. 
l 
U(I) 
169 
Definition 
Distance between the (I-l)th and Ith optical surface 
vert ices , em 
Specified primary lens edge thickness, 0.23 em 
Ternr:erature, degrees Kelvin 
Primary lens vertex to vertex thickness, em 
Threshold to noise ratio 
Transinission through all lens surfaces, 0.-70% 
2 Target signal aperture, em 
Ith objective function for optimization 
Refractive index of optical medium preceding 
surface I 
UART Artificial objective function composed of U. and 
l 
penalities applied to constraint violations 
ULENS Prnnary lens refractive index, 1.57 
Ulli'JS2 Secondary lens refractive index, 1~57 
v Bias voltage on the detector, volts 
VINB Rm6 noise voltage at the amplifier output due to 
solar background radiation, volts 
VINT Total rrns noise voltage at the amplifier output, 
volts 
VSIG Signal voltage r~quired at the amplifier output to 
~reet signal to noise ratio requirements, volts 
vrar Stnn of all volt.nre increments DEL TV, used in calcu-
lation of EBA 
Variable 
VXIA 
VXL.\L 
X 
170 
Definition 
~ns no1se voltage at the amplifier output due to 
amplifier noise sources, volts 
Rms noise voltage at the amplifier output due to 
detector leakage current, volts 
Thickness of the intrinsic layer of the detector, 
on 
Vertical coordinate of a light ray during ray tracing, 
em 
X(I) Current value for the Ith mdependent variable 
XBAR Average val~e of X coordinates of all rays inter-
cepting the detector active area, em 
XIDC Detector de current-due to background radiation, 
amperes 
XIL 
XIN(L) 
XLONG 
XSIG 
XSTRf(I) 
xrar 
y 
Detector de current due to bulk leakage, amperes 
Vertical coordinate for the start of the Lth light 
ray, em 
Overall length of the seeker, an 
Signal current from the detector required to produce 
voltage VSIG at the amplifier output, amperes 
Starting value for the Ith independent variable 
Swn of all X coordinate intercepts of light rays on 
the detector active area used to calculate XBAR, em 
Lateral coordinate for a light ray during ray tracing, 
em 
Variable 
YIN(L) 
z 
ZIN(L) 
171 
Defmition 
Lateral cooridnate for the start of the Lth light 
ray, em 
Coordinate of light ray along the optical ax1s during 
ray tracing, em 
Starting Z coordinate for the Lth light ray, em 
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